Isolation and characterization of the KNAT6 homeobox gene in Arabidopsis thaliana by Dean, Gillian Hazel
Durham E-Theses
Isolation and characterization of the KNAT6
homeobox gene in Arabidopsis thaliana
Dean, Gillian Hazel
How to cite:
Dean, Gillian Hazel (2003) Isolation and characterization of the KNAT6 homeobox gene in Arabidopsis
thaliana, Durham theses, Durham University. Available at Durham E-Theses Online:
http://etheses.dur.ac.uk/4039/
Use policy
The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:
• a full bibliographic reference is made to the original source
• a link is made to the metadata record in Durham E-Theses
• the full-text is not changed in any way
The full-text must not be sold in any format or medium without the formal permission of the copyright holders.
Please consult the full Durham E-Theses policy for further details.
Academic Support Office, Durham University, University Office, Old Elvet, Durham DH1 3HP
e-mail: e-theses.admin@dur.ac.uk Tel: +44 0191 334 6107
http://etheses.dur.ac.uk
Isolation and Characterisation 
of the KNAT6 Homeobox Gene 
in Arabidopsis thaliana 
Thesis submitted for the degree of 
Doctor of Philosophy 
at the University of Durham 
Gillian Hazel Dean B.Sc. 
Department of Biological and Biomedical Sciences 
University of Durham 
March 2003 
A copyright of this thesis rests 
with the author. No quotation 
from it should be published 
without his prior written consent 
and information derived from it 
should be acknowledged. 
1 2 MAR 2004 
Abstract 
Class 1 KNOX genes have been demonstrated to play roles in the maintenance 
of the shoot apical meristem in a variety of plant species. Although the shoot 
and root systems differ in the way in which lateral organs are initiated, it was 
proposed that KNOX genes may also function in some aspect of the regulation 
of the root apical or lateral root meristems. 
This work describes the isolation and characterisation of KNAT6, a member of 
this family in the model plant Arabidopsis thaliana. KNAT6 cDNA was isolated 
from NAA-treated root tissue. Two isoforms were identified, which differ by two 
amino acids in the conserved MEINOX domain of the predicted protein. 
The KNAT6 transcript is detectable in seedlings between 3 and 12 days after 
germination. The KNAT6 promoter is active in the phloem poles of the main root 
in Arabidopsis, especially at the bases of newly emerged lateral roots. Promoter 
activity is downregulated by cytokinin and the pattern of expression alters on 
treatment with the synthetic auxin analogue NAA. 
Overexpression studies revealed that the shorter and more abundant KNAT6 
cDNA isoform causes a lobed leaf phenotype when it is overexpressed, a 
phenotype similar to that seen on overexpression of other class 1 KNOX genes 
in Arabidopsis. The longer and less abundant cDNA isoform does not cause this 
phenotype, indicating that there is a functional difference between the two 
predicted proteins. Preliminary analysis of plants carrying RNAi constructs 
indicates that lateral roots are initiated closer to the root tip than in wild type 
plants. 
Taken together, and in the context of the literature, these results suggest that 
KNAT6 may be involved in control of lateral root development and root 
architecture in Arabidopsis. 
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Chapter 1 Introduction 
1.1 Arabidopsis tfialiana as a model system for the study of plant 
development 
With the advent of high throughput genomic sequencing in recent years, vast 
amounts of sequence data on a range of organisms ranging from bacteria and 
fungi to higher plants and animals have been generated. There are now several 
species from across all kingdoms for which a complete genome sequence is 
available. The challenge now lies in the annotation of this sequence data, and 
the elucidation of the function of the genes within those genomes. 
In the plant kingdom there are three major model species: Arabidopsis thaliana 
(also known as Thale Cress), maize (Zea mays) and snapdragon {Antirrhinum 
majus). With particular reference to this project, Arabidopsis tlialiana is an 
attractive species for the investigation of developmental processes for a variety 
of reasons as detailed in the sections below. 
1.1.1 Characteristics of Arabidopsis thaiiana 
Arabidopsis tlialiana is a small crucifer that is found growing wild in many 
temperate zones of the world including Europe, North America and Asia. There 
are several morphological variants in the species, with the most common 
variations involving responses to day length, vernalisation and dormancy as 
well as differences in haihness, chromosome number (tetraploidy) and other 
minor morphological and physical attributes. Four original ecotypes (Graz, 
Limburg, Estland and Landsberg) were selected as possible candidates for 
genetic studies in the 1950s. Landsberg was found to be the most vigorous and 
was selected as the ecotype to be used for further studies. Landsberg was 
subsequently found to be a non-isogenic population, and was further subdivided 
into two ecotypes named Landsberg erecta and Columbia (Col-0) (Koncz et a/., 
1992). 
Arabidopsis has a short life cycle (approximately 2 months) with fast 
development combined with easy cultivation and high seed yield. It has a 
tendency to self fertilise but is also easy to cross and generate hybrids. Of 
particular importance to this project, root development in Arabidopsis is 
extremely well characterised and the study of root growth in vitro is simple and 
reliable. The development of the Arabidopsis root is discussed more in section 
1.3. 
Arabidopsis ttialiana is also amenable to Agrobacterium tumefaciens-me(i\aie(i 
transformation. A. tumefaciens is a soil-borne plant pathogen that is capable of 
modifying the plant's cellular mechanisms to produce metabolites which it alone 
can use (Zupan and Zambryski, 1995). This is achieved by the transfer of a 
section of DNA, known as the Transferred or T-DNA, into the plant genome. 
This natural genetic engineering system has been modified to allow the 
insertion of genes of interest into the plant genome (Bevan, 1984). This, along 
with the development of simplified transformation protocols such as the floral 
dip method (Glough and Bent, 1998), has meant that transgenic manipulation is 
now a central tool in understanding gene function in Arabidopsis. 
Several transposon systems such as the maize Ac/Ds transposon system have 
also been successfully introduced into Arabidopsis by >Agra/jacfer/am-mediated 
transfer (Topping and Lindsey, 1995). 
1.1.2 The Arabidopsis genome 
The Arabidopsis genome is one of the smallest among the angiosperms (1 x 
10^ basepairs) and there is a low fraction of redundant DNA in the genome 
(Meyerowitz, 1987). 
The complete Arabidopsis genome (var. Gol-0) has also been sequenced. 
Analysis has revealed that there are approximately 26,000 genes present in the 
genome, although differential splicing will lead to an increase in the number of 
gene products. 69% of the genes in the genome can be assigned a putative 
function based on sequence similarity to characterised genes (in any organism) 
but only 9% of Arabidopsis genes currently have experimental data available. 
This leaves 30% of the genes in the Arabidopsis genome that cannot be 
assigned to a functional category, although many of these genes have similarity 
to genes of unknown function in other organisms (The Arabidopsis Genome 
Initiative, 2000). 
There is extensive segmental duplication and tandem arrays of genes in the 
genome. As these duplications are present as duplicated but not triplicated 
segments, either duplication of the entire genome or several independent 
segmental duplication events have occurred during the evolution of the 
Arabidopsis genome. It has been hypothesised that the Arabidopsis genome 
underwent duplication in the region of 112 million years ago. After duplication, 
the genes could be lost from the duplicated genome, and/or further duplications 
could occur to give the present day genome. The degree of conservation 
between the duplicated regions may be the result of divergence from an 
ancestral autotetraploid ancestor, or may reflect the differences present in an 
allotetraploid ancestor. The presence of these gene duplications indicates that 
there is potential for a significant level of redundancy in the Arabidopsis genome, 
or that duplicated genes may have diverged in function to play new roles in the 
plant. These two possibilities should be considered when determining gene 
function in Arabidopsis (The Arabidopsis Genome Initiative, 2000). 
1.1.3 Differential splicing in plants 
As mentioned in section 1.1.2, the number of gene products in the Arabidopsis 
transcriptome will be greater than the number of genes that have been identified 
in the genome due to differential splicing. In animal systems, the importance of 
the differential splicing of genes to give more than one mRNA has long been 
known and more recently this phenomenon has been discovered in plants (for 
review see Lorkovic ef a/., 2000). Most plant mRNAs are synthesised as pre-
mRNAs that contain introns. The removal of introns and ligation of exons to 
produce translationally competent mRNA is mediated by the spliceosome, a 
large ribonucleoprotein complex. 
Alternative splicing events may be constitutive, with similar levels of each 
mRNA variant, or they may be regulated in a tissue specific or developmental 
manner. For example, alternative splicing of the hydroxypyruvate reductase 
(HRP) gene in pumpkin produces two different proteins with distinct subcellular 
localisations. The HPR1 protein contains a signal for targeting to peroxisomes, 
whereas the cytosolic HRP2 protein does not. In the dark, equal proportions of 
HPR1 and HPR2 mRNA are produced, but treatment with light enhances the 
production of HRP2 mRNA (Mano eta!., 1999). 
Rarely, alternative splicing may give two entirely different proteins, such as the 
production of ribosomal protein S I4 and succinate dehydrogenase from a single 
gene in rice (Kubo etal., 1999). 
Retention of an unspliced intron in a fraction of transcripts is also common in 
plants and is thought to represent inefficient splicing rather than a regulated 
process that has a biological significance in the majority of cases. However, the 
presence of an inefficiently spliced intron may also play a regulatory role. 
Overexpression of the flowering time gene FCA leads to an acceleration of 
flowering time, thought to be mediated by a small increase in a fully spliced FCA 
transcript. However, the levels of a short transcript which is polyadenylated in 
intron 3 increases more than 100-fold during this overexpression, suggesting 
that this polyadenylation event controls the formation of FCA to keep flowering 
time constant (MacKnight et a/., 1997). 
1.1.4 Analysis of gene expression using transgenic approaches 
One of the most widely used methods for the prediction of expression pattern of 
a gene of interest is the use of promoter::reporter gene fusions to examine the 
localisation of promoter activity. The analysis of promoter activity using a 
transgenic approach is dependent on the use of reporter genes that can be 
used to visualise the cellular location of promoter activity. Two reporter genes 
that are of relevance to this work are those encoding P-glucuronidase (GUS) 
(Jefferson etal., 1987) from E. co//and green fluorescent protein (GPP) (Ghalfie 
et a/., 1994) from the jellyfish Aequorea victoria. 
GUS is one of the most commonly used reporter genes (Jefferson, 1989). The 
p-glucuronidase enzyme catalyses the hydrolysis of a wide range of glucuronide 
molecules, including the artificial substrate 5-bromo-4-chloro-3-indolyl p-
glucuronide (X-GLUG) that produces a bright blue insoluble dye after enzymatic 
hydrolysis and atmospheric oxidation. 
The use of GFP is particularly attractive as the assay is non-destructive. 
However, wild type GFP from A. victoria is not expressed properly in higher 
plants due to low solubility and the presence of a cryptic intron in the coding 
sequence that leads to mis-splicing of the transcript and the subsequent 
removal of 83 nucleotides from the coding sequence. Wild type GFP has been 
modified by a number of groups to allow use as a reporter gene. Two different 
GFP variants, EGFP-1 and smGFP, were used as part of this work. 
EGFP-1 (Enhanced GFP, Clontech) encodes the GFPmutI variant (Cormack et 
a/., 1996). This GFP has two amino acid substitutions that increase solubility 
and alter the excitation maxima to allow efficient excitation at 488 nm. The 
coding sequence has also been modified to include silent base changes that 
correspond to human coding-usage preferences (Mass ef a/., 1996). This GFP 
variant gives strong expression in plant cells. 
smGFP was produced by mutagenesis of modified GFP4 (mGFP4) (Haseloff et 
a!., 1997). mGFP4 was produced by removal of the cryptic intron by 
mutagenesis from wild type GFP. mGFP4 was then mutagenised to give soluble 
modified GFP (smGFP) (Davis and Vierstra, 1998). This GFP variant also gives 
strong expression in plant cells. 
The generation of plants containing a promoter:reporter transcriptional fusion is 
a widely used technique which has been used to obtain a large amount of data 
on promoter activities. However, sequences that control gene expression are 
not necessarily solely located in the upstream untranscribed region of a gene, 
but may also be present within the transcribed region of the gene. For example, 
c/s-acting elements in the intragenic sequence of the AGAMOUS {AG) gene of 
Arabidopsis are required for repression of AG in vegetative tissues as well as 
correct spatial and temporal regulation of AG in early flower development 
(Sieburth and Meyerowitz, 1997). Therefore, care should be taken when using 
promoter::reporter gene fusion to analyse gene expression patterns, and data 
should be backed up by another method of expression analysis such as in situ 
hybridisation, northern analysis or semi-quantitative RT-PCR. 
1.1.5 Analysis of gene function using transgenic approaches 
Mutants have long been used to aid our understanding of gene function, but in 
the past this has been in a forward genetic manner (i.e. isolation and 
characterisation of a mutant of interest followed by cloning of the disrupted 
gene). 
However, with the completion of the Arabidopsis genome sequencing project, 
reverse genetics (i.e. the identification of a gene followed by the determination 
of its function) has become increasingly important to allow function to be 
assigned to the large proportion of uncharacterised genes in the genome. 
Transgenic approaches are central to reverse genetic approaches and their use 
can be divided into two broad areas: the use of transgenic techniques to 
investigate the function of single genes by manipulation of their expression, and 
the production of large libraries of insertion mutants which can be screened for 
insertions in the gene of interest. 
[A] manipulation of the expression of single genes 
The manipulation of the expression of single genes can be divided into two 
areas: the overexpression and/or mis-expression of a gene of interest using a 
promoter which directs expression of the gene of interest at a higher level 
and/or in a different cell type than the native promoter as well as the 
downregulation of gene expression. 
One promoter that is commonly used to direct gene expression in these types of 
construct is the 35S RNA gene promoter from Gauliflower Mosaic Virus (35S 
GaMV). Although this promoter is nominally referred to as constitutive, there is 
some evidence to show that it is not expressed in all plant tissues equally 
(Topping etal., 1991). 
This promoter is often used in the generation of overexpressing constructs 
(sometimes referred to as sense constructs) as it directs a high level of gene 
expression in a wide range of tissues and therefore leads to overexpression and 
misexpression of the gene of interest. 
The downregulation of gene expression using transgenics can be achieved by 
several techniques including antisense suppression and double stranded RNA 
interference (RNAi). 
Antisense suppression has been used for many years to downregulate gene 
expression in plants although there is wide variation in the extent of the 
downregulation in a population of antisense transformants. RNAi constructs on 
the other hand appear to give much more efficient and reliable downregulation 
of the target gene. 
The mechanisms that lie behind gene silencing were poorly understood until 
recent advances began to shed light on the processes by which these might 
occur (Garthew, 2001, Matzke et a/., 2001). 
Silencing was first observed in transgenic tobacco plants where an increase in 
copy number of the transgene often led to a decrease in the transgene 
expression level (Matzke et a/., 1989). Silencing can be produced both by 
genes which are duplicated at a single genomic locus, or which are dispersed 
throughout the genome, and can occur either transcriptionally by changes in 
methylation (Matzke a/., 1989) or post-transcriptionally by degradation of 
mRNA (Van Blokland etal., 1994). 
In plants, post transcriptional gene silencing (PTGS) is a common cellular 
response to viral infection. Virus resistance and gene silencing has been 
induced in tobacco by the simultaneous expression of sense and antisense 
protease RNA from Potato virus Y (PYV) (Waterhouse et a/., 1998). It is thought 
that this occurs via a viral defence mechanism by which the plant recognises 
double stranded RNA (dsRNA) and degrades it, hence providing immunity to 
the plant. It is hypothesised that in this system the response is elicited as the 
sense and antisense transcripts form a duplex and initiate degradation of the 
transgene transcripts. This model can be extended to the silencing of 
endogenous genes by activation of this pathway upon the expression of 
homologous transgenes. 
A requirement for successful PTGS appears to be the presence of a double 
stranded RNA (dsRNA) species that is homologous to the silenced gene 
(Garthew, 2001). The simplest way of achieving gene suppression using RNAi 
is to design constructs where the gene of interest (under control of a single 
promoter) is present in the sense and the antisense orientations and is 
separated by a linker that allows the production of an mRNA molecule that can 
form a hairpin loop. 
The use of RNAi technology has made the generation of plants which show 
reduced expression in the gene of interest much more reliable (Ghuang and 
Meyerowitz, 2000). Gomparison of the number of mutants generated using 
antisense or RNAi constructs for several genes {AGAMOUS, CLAVATA3, 
APETALA1 and PERIANTHIA) showed that RNAi constructs led to 87-99% of 
transformants exhibiting the knockout mutant phenotype, whereas antisense 
suppression led to 0-55% of transformants exhibiting the mutant phenotype. 
RNAi technology is useful in generating plants with downregulated expression 
of the gene of interest where no knockout mutation is available, or where the 
phenotypic equivalent of an allelic series is desired. 
[B] generation of mutant libraries 
As mentioned above, transgenics have been used to produce large libraries of 
insertional mutants that can then be screened for insertions in a gene of interest. 
There is a growing number of insertional mutant libraries which are available for 
screening. These are produced by the insertion of either T-DNAs or 
transposons by Agrobacterium-medlated transformation followed by isolation of 
transfonnants. 
This approach is viable as the generation of mutants using either T-DNA or 
transposon insertions provides a tag of known sequence which can then be 
used to identify the insertion site and hence the disrupted gene. This allows 
mutant libraries that were created in this way to be screened in a reverse 
genetic manner as opposed to the screening of traditional EMS mutant 
populations that can only be screened in a forward genetic approach. 
There are two types of library that are currently available: those that can be 
screened by PGR, or those for which the junction between the plant DNA and 
the inserted DNA has been isolated and sequenced and which can be screened 
by a BLAST search. 
Libraries that are screened by PGR rely on some kind of pooling system to 
allow a large number of individual transformants to be screened in a single PGR 
reaction. There are several libraries that are available for screening in this way. 
These include the Arabidopsis Knockout Facility collection at the University of 
Wisconsin Biotechnology Gentre (http://www.biotech.wisc.edu/Arabidopsis) as 
well as the Feldmann and Thomas Jack lines that are available through NASG 
(http://nasc.nott.ac.uk/home.html). The Arabidopsis Knockout Facility collection 
was screened as part of this work and further details are given about the 
collection in Ghapter 7. 
Numerous libraries for which sequence databases are being produced are also 
available. These include collections at the Salk Institute (http://www.tmri.org), 
the Gold Spring Harbor Laboratory (http://genetrap.cshl.org) as well as the 
Arabidopsis thaliana Insertion Database (AtlDB, http://atidb.cshl.org) that 
combines data from several insertion mutant libraries. These databases were all 
searched as part of this work, and more details are provided in Ghapter 7. 
1.1.6 Summary 
In conclusion, Arabidopsis ttialiana is an attractive model for the investigation of 
developmental biology as it has various characteristics which make it easy and 
convenient to work with, such as easy cultivation and tissue culture protocols, 
as well as a relatively small genome with low levels of repetitive DNA for which 
the complete sequence is available. The ease of transformation of Arabidopsis 
also makes generation of transgenics to investigate promoter activity (by 
promoter::reporter gene fusions) and gene function (using sense, antisense and 
RNAi) comparatively straightfonward. Reverse genetic approaches to the 
elucidation of gene function in Arabidopsis are also simplified by the availability 
of libraries of insertional mutants that can be screened for gene knockouts. 
1.2 Plant hormones 
Plant development is co-ordinated by hormones. These are naturally occurring 
organic substances that can influence plant physiology at low concentrations. 
They differ from mammalian hormones in that they are not synthesised in a 
specialised tissue (e.g. an endocrine gland) and then transported to their site of 
action, but are synthesised in a wide range of tissues and nnay act at the site of 
syntliesis or be transported. The term plant growth regulator is used to 
encompass all compounds, whether synthetic or natural, which can influence 
plant physiology. 
The three plant hormones that are of most relevance to this work are auxin, 
cytokinin and ethylene. A brief overview of the synthesis, transport and 
perception of each of these hormones is given in the following sections. 
1.2.1 Auxin 
Auxin regulates a diverse array of cellular responses and developmental 
processes in plants ranging from cell division, expansion and differentiation to 
patterning of embryos and vasculature as well as roles in regulating the primary 
and lateral root and shoot meristems (Davies, 1995). 
1.2.1.1 Auxin biosynthesis 
The majority of work into the role of auxin in the plant has focused on the main 
endogenous form, indole-3-acetic acid (lAA). The bioactive form of lAA is 
believed to be free lAA (Taiz and Zeiger, 1991). Free lAA can be Inactivated 
reversible or irreversibly by conjugation or can be inactivated irreversibly by 
oxidation. 
There are multiple pathways for the synthesis, inactivation and catabolism of 
auxin within the plant and there are multiple genes encoding the enzymes 
involved in each pathway (Normanly and Bartel, 1999). Auxin may be 
synthesised from the amino acid tryptophan, or may be synthesised from a 
tryptophan precursor. These pathways allow the plant several ways in which to 
control the amount of auxin which is available in an active form. 
The ROOTY {RTY) gene in Arabidopsis encodes an aminotransferase that is 
thought to be involved in auxin biosynthesis. The recessive rty mutant has 
higher levels of free and conjugated lAA than wild type plants and shows an 
enormous increase in the number of adventitious and lateral roots that are 
produced as well as small epinastic cotyledons and an elongated hypocotyl 
(King et a/., 1995). rty is allelic to superrooti (Boerjan ef a/., 1995) and alf1-1 
(Celenza etal., 1995). 
1.2.1.2 Auxin transport 
The development of a gas chromatography/mass spectrometry (GS-MS) 
method for the quantitative analysis of auxin in small amounts of plant tissue 
has allowed the determination of auxin levels in the Arabidopsis seedling 
(Kowalczyk and Sandberg, 2001). 
After germination, the cotyledons are the major source of auxin, either as 
conjugated auxin is activated or de novo synthesis occurs. Actively dividing 
young leaves show the highest concentration of auxins. At 5-6 days after 
germination (DAG), when the first leaves start to develop, there in an increase 
in free auxin levels, with the largest increase associated with the areas of 
highest cell division (Bhalerao ef a/., 2002). As the cells in the leaf switch from 
division to expansion the auxin levels drop. Although young leaves have the 
highest capacity for the synthesis of auxin, all tissues in young Arabidopsis 
seedlings, including the roots, are capable of auxin synthesis (Ljung ef a/., 
2001). 
Analysis of the levels of auxin within the Arabidopsis root has revealed that the 
root is subjected to a transient pulse of auxin at 5-7 DAG that reaches the root 
tip at 7-8 DAG (Bhalerao ef a/., 2002). This pulse of auxin is produced during 
the development of the first two true leaves, and is not repeated during 
development of subsequent leaves. 
Examination of the auxin level along the length of the root indicates that the 
production of auxin in the aerial parts establishes an auxin gradient in the root 
between 5-8 DAG. Auxin from the aerial parts accumulates at the root/hypocotyl 
junction and a gradient is formed with the highest concentration at the hypocotyl 
(Bhalerao ef a/., 2002). 
In addition, at 3-6 DAG, a gradient of auxin is established in the root tip, with the 
highest levels in the most apical 1 mm. As this is before the initiation of the first 
leaves, it is thought that the cotyledons are the source of this auxin. At 7 DAG, 
there is a further increase in the level of auxin at the root tip as the pulse of 
shoot-derived auxin reaches it (Bhalerao et a/., 2002). The root system gains 
increased competence to synthesise auxin between 3 and 10 DAG and 
becomes less reliant on shoot derived auxin. 
Auxin can be transported in the vascular system in either the xylem or the 
phloem. Transport in the vasculature can occur by simple mass flow down a 
concentration gradient, and both inactive and active forms of lAA may be 
transported (Lomax et a/., 1995). In contrast, polar auxin transport is specific for 
free auxin and is an active process that occurs between specific cells. 
Auxin is transported basipetally through the aerial parts of the plant to the 
root/hypocotyl junction where it is then transported acropetally to the root tip. 
Here, the auxin is unloaded from the vascular tissues before a second auxin 
stream In the epidermal and cortical cells moves the auxin away from the root 
tip in a basipetal manner. 
It appears unlikely that auxin is delivered to the root purely by polar auxin 
transport as it has been shown that treatment of plants with the auxin transport 
inhibitor 1-N-naphthylphthalamic acid (NPA) fails to block the export of lAA from 
young leaves (Ljung et a/., 2001) or prevent lAA accumulation in the root tip 
(Casimiro et a/., 2001). 
The protein carriers that are thought to mediate polar auxin transport are the 
putative auxin influx and efflux carriers. These integral membrane proteins are 
thought to have specific locations on different sides of cells to allow the directed 
movement of auxin (Lomax et a/., 1995) (Figure 1.2.1a). The proposed influx 
carriers are the AUX1 gene family and the proposed efflux carriers are the PIN 
gene family. It should also be noted that free auxin can diffuse across the 
membrane as shown in Figure 1.2.1a. 
Currently AUX1 has only been shown to be the influx carrier by indirect 
methods. The AUX1 gene was cloned by virtue of a T-DNA tagged mutant allele, 
aux1-100, and encodes a protein that has 11 transmembrane domains and 
shares similarity with plant amino acid permeases (Bennett et a/., 1996). This 
Figure 1.2.1a Proposed positions of auxin influx and efflux 
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The positions of the auxin influx and efflux carriers allow 
the movement of auxin in the direction indicated. 
Several inhibitors of auxin transport (NOA, NPA and TIBA 
have been isolated and are also marked on the scheme. 
Free lAA can diffuse over the membrane in its protonated 
form. The neutral pH inside the cell causes deprotonation. 
This deprotonated lAA cannot diffuse back out of the cell 
and must rely on the efflux carrier. 
indicates a role as a transmembrane transporter of an amino acid based 
compound such as tryptophan-based auxin. aux1 mutants are agravitropic and 
show an increase in root length (Pickett et a/., 1990). The aux1 mutant shows 
an auxin resistant phenotype when treated with lAA, or the synthetic auxin 
analogue 2,4-D that requires the influx carrier to enter the cell. However, aux1 is 
sensitive to the synthetic auxin analogue NAA that can enter the cell by 
diffusion (Marchant et a/., 1999). In addition, wild type plants that are treated 
with the influx carrier inhibitor 1-naphthoxyacetic acid (1-NOA) phenocopy the 
aux1 mutant (Parry et a/., 2001a). 
AUX1 is expressed in the columella and protophloem poles of the stele but is 
not expressed in mature phloem cells. As aux1 mutants do not show lAA 
accumulation at the root apex, AUX1 appears to function in unloading of auxin 
from the phloem (Swarup et a/., 2001). AUX1 is also expressed in the lateral 
root cap and elongating epidermal cells, suggesting that AUX1 may also play a 
role in basipetal auxin transport away from the root tip. It has been 
demonstrated that the auxin responsive reporter construct plAA2::GUS is not 
expressed in the lateral root cap and elongating epidermal cells in aux1, 
indicating that basipetal auxin transport is impaired (Swarup ef a/., 2001). 
Three other genes that have similarity to AUX1 have been identified in the 
Arabidopsis genome by homology searches, and have been designated LIKE 
AUX1 {LAX) genes (Parry ef a/., 2001b). LAX3 is expressed in the mature 
vasculature of the root (M. Bennett, unpublished, pers. comm.). The /ax3 mutant 
is not agravitropic and has only 50-60% of the lateral roots seen in a wild type 
plant. Iax3/aux1 doubles show a further decrease in the number of lateral roots 
produced. LAX'3 appears to function in delivering auxin to the developing lateral 
root primordia. LAX1 is also expressed in the laterals, explaining why some 
laterals are still seen in Iax3/aux1 doubles. Expression of the LAX proteins 
under control of the AUX1 promoter cannot rescue the aux1 phenotype, 
indicating that there must be some signal, possibly in the protein itself that 
directs it to the correct part of the membrane. 
The PIN gene family has been shown indirectly to be the putative efflux carriers. 
PIN1 was identified due to the phenotype of the pin-formed1 {pin1) mutant 
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whose inflorescence lacks any lateral organs and instead forms a pin-like 
structure, and which shows a reduction in basipetal auxin transport (Okada et 
a/., 1991). This phenotype can be phenocopied by the compound 1-N-
naphthylphthalamic acid (NPA). Cloning of the PIN1 gene has revealed that it is 
a transmembrane protein with homology to bacterial transporter proteins 
(Galweiler et a/., 1998). In the root, PIN1 is localised on the lower (acropetal) 
side of stele cells (FrimI, 2003) where it functions in delivery of auxin to the root 
tip. 
Other genes have since been identified by homology with PIN1. The other three 
PIN genes which have been characterised to date, PIN2, PIN3 and PIN4 are 
localised on sides of cells in the root apex to allow acropetal auxin transport to 
the root tip and basipetal transport towards the shoot apex (FrimI and Palme, 
2002). The pin2 mutant has also been shown to be allelic to ethylene insensitive 
root1 {eir1), indicating that there is crosstalk between different hormone 
pathways. 
However, recent work in the field has begun to indicate that the auxin carriers 
do not function to transport auxin across the plasma membrane, but that the 
polar transport of auxin is achieved by endo- and exocytosis via vesicles. 
There are several pieces of experimental evidence that support this model. It 
has been shown that auxin efflux carrier inhibitors such as TIBA and NPA 
actually affect PIN1 localisation by disrupting vesicle trafficking (Geldner et a/., 
2001) and that membrane localisation of AUX1 is inhibited by the vesicle 
trafficking inhibitor brefeldin A (BFA) (Grebe et a/., 2002). 
In addition, the GNOM gene, whose product is involved in vesicle trafficking, is 
required for correct localisation of the PIN1 protein and polar auxin transport is 
affected in the gnom mutant (Steinmann et a/., 1999). It has recently been 
shown that GNOM is BFA sensitive, as is correct PIN1 localisation (Geldner et 
a/., 2003). PIN1 localisation is BFA resistant in plants that carry a BFA resistant, 
fully functional form of GNOM, which Indicates that GNOM Is required for 
recycling of auxin transport system components. 
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1.2.1.3 Auxin perception 
Over the past few years, analysis of auxin response mutants has led to the 
development of a model in which auxin signalling is mediated by regulated 
protein degradation (Leyser, 2001, Gray and Estelle, 2000). This is mediated by 
the SCF^"^^ ubiquitin ligase complex which ubiquitinates target proteins and 
targets them to the proteosome where they are degraded. Two Arabidopsis 
mutants that are defective in components of this system are axr1 (del Pozo and 
Estelle, 1999, del Pozo et a/., 1998) and tir1 (Ruegger ef a/., 1997, Gray ef a/., 
1999). These two mutants show morphological phenotypes that reflect reduced 
sensitivity to auxin. 
It is thought that the SCF^"^^ complex mediates auxin response by degrading 
members of the Aux/IAA protein family. Aux/IAA genes are rapidly induced in 
response to auxin and the proteins they encode share four conserved domains, 
denoted I, II, III and IV. In addition, they contain nuclear localisation signals 
(Reed, 2001). 
Domains III and IV are required for homo- and heterodimerisation between 
different Aux/IAA proteins, and also allow interaction with the related auxin 
response factor (ARF) family, which contain domains III and IV in their structure 
(Reed, 2001). 
Genes in the ARF family have a highly conserved DNA binding domain that 
binds to auxin response elements (AuxREs) of the sequence TGTCTC in the 
promoters of primary/early auxin response genes (Ulmasov, 1999). ARFs may 
function as activators or repressors of transcription. 
Aux/IAA proteins have extremely high turnover in the plant, and this instability is 
required for normal auxin signalling (Worley ef a/., 2000). For example, 
mutations in domain II of the AXR3/IAA17 gene {axr3-1) show increased levels 
of the AXR3 protein in the cell (Ouellet et a/., 2001). In addition, overexpression 
of Aux/IAA proteins can block auxin inducible transcription from an auxin 
activated promoter (Ulmasov et a/., 1997), probably because dimerisation with 
an Aux/IAA protein prevents dimerisation with a second ARF protein. 
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Hence, Aux/IAA proteins are central in mediating downstream auxin responses 
through interaction with ARFs. The current model (Tiwari ef a/., 2001) proposes 
that a low auxin level within a cell allows the transcription of Aux/IAA genes. 
The Aux/IAA proteins then form heterodimers with ARFs, which prevents the 
ARFs initiating transcription of auxin responsive genes that contain an AuxRE. 
When the cellular level of auxin increases, Aux/IAA proteins are targeted for 
degradation by the SCF^"^^ complex. Dissociation of the Aux/IAA proteins from 
the ARFs allows ARF dimerisation and the transcription of target genes 
containing an AuxRE. If the auxin level then drops, Aux/IAA proteins are not 
degraded by the ubiquitination pathway, but cause a downregulation in 
transcription of auxin responsive genes by interaction with ARFs. 
The ubiquitin binding site in Aux/IAA proteins is located in domain II (Tiwari ef 
a/., 2001). Therefore, mutations in this binding site prevent ubiquitination and 
degradation of the Aux/IAA protein, which causes an increase in protein stability. 
Therefore, in these mutant backgrounds, an increase in cellular auxin levels 
does not lead to the lifting of transcriptional repression and expression of auxin 
responsive genes, but causes the cell to be auxin insensitive. 
The bodenlos (bdl) mutant (Hamann ef a/., 1999) disrupts domain II of the 
Aux/IAA gene IAA12, leading to a gain-of-function mutant with increased 
stability (Hamann ef a/., 2003). The bid mutant is resistant to the auxin 2,4-D, 
which is consistent with a mutation that prevents breakdown of the protein on 
an increase in auxin level. The bdl seedling phenotype is characterised by a 
deletion of the basal organs of the seedling such as the root and the hypocotyl, 
and decreased vasculature in the cotyledons (Hamann etal., 1999). 
The arfSlmonopteros (mp) mutation disrupts an ARF transcription factor 
(Hardtke and Berleth, 1998). The mp mutant was isolated during a screen for 
Arabidopsis pattern mutants and is characterised by seedlings where the basal 
elements (root and hypocotyl) were deleted (Berieth and Jurgens, 1993). The 
mp seedling phenotype is similar to that described for bdl above. The vascular 
system of mp mutants does not develop properiy, and auxin transport capacity 
is impaired (Przemeck ef a/., 1996). These observations support the proposed 
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role of MP as an ARF transcription factor involved in the sensing of auxin and 
control of auxin dependent pathways such as vascular development. 
It is also thought that the PIN family of auxin efflux carriers could be targets for 
auxin-regulated degradation. Accumulation of PIN2 protein is increased in the 
axr1 mutant background, indicating that it may be a target for degradation by 
the SCF^"^^ complex (Sieberer ef a/., 2000). This would provide a link between 
auxin signalling and auxin transport. 
The model provides an explanation for how a single molecule such as auxin can 
induce a diverse array of effects in plant tissues. The specificity of the auxin 
response is not contained within the auxin molecule itself, but is determined by 
the available targets for degradation, which are determined by cell type (Leyser, 
2001). 
Currently, little is known about how auxin influences the degradative machinery. 
It may be that auxin can change the activity of, or regulate the recruitment of 
target proteins to, the SCF^"^^ complex. Phosphorylation of target proteins is a 
mechanism that is used in other SCF systems to recruit proteins for degradation 
(Craig and Tyers, 1999), and in Arabidopsis, the PINOID (PID) serine/threonine 
kinase is required for correct auxin responses (Christensen ef a/., 2000). The 
site of auxin perception also remains elusive. The best candidate auxin receptor 
is AUXIN BINDING PR0TEIN1 {ABP1) that shows an ability to bind auxin 
specifically (Napier ef a/., 2002). 
1.2.2 Cytokinin 
The cytokinins consist of a group of compounds that have been described as 
"substances which, in the presence of auxin, stimulate cell division and which 
interact with auxin in determining the direction in which differentiation of cells 
takes" (Whitty and Hall, 1974). Cytokinins have been implicated in many 
aspects of plant development including roles in control of the cell cycle and the 
shoot apical meristem (D'Agostino and Keiber, 1999). 
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1.2.2.1 Cytokinin biosyntliesis and transport 
There are various natural plant cytokinins, almost all of which have a purine-
based structure (McGaw and Burch, 1995). In general, a given plant tissue will 
normally contain several different cytokinins, with the distribution of various 
types of cytokinin differing between plant species. No mutants that have altered 
levels of specific cytokinins have been discovered, making it impossible to 
assign roles to different cytokinin types (Harberer and Keiber, 2002). 
The root tip has been identified as a major source of cytokinin biosynthesis. It is 
assumed that, as cytokinins have been identified in the xylem sap, transport of 
cytokinin to the shoot occurs via this mechanism (Harberer and Keiber, 2002). 
Both immunolocalisation and direct measurements of cytokinin levels have 
indicated that high levels accumulate in areas of cell division such as the shoot 
meristem (Dewitte et al., 1999). 
1.2.2.2 Cytoltinin perception 
The cytokinin response 1-1 {crel) mutation was isolated in a screen to identify 
mutants with altered cytokinin sensitivity. Cloning of the CRE1 gene revealed 
that it encoded a type of histidine kinase known as a hybrid kinase (Inoue et al., 
2001). Cytokinin recognition by the CRE1 protein has been demonstrated in 
several heterologous bacterial and yeast systems to confirm that CRE1 is the 
cytokinin receptor in Arabidopsis (Schmulling, 2001). CRE1 is allelic to 
WOODENLEG (WOL) (Mahonen et al., 2000) and AHK4 (Yamada et al., 2001). 
The cytokinin independenti (ckil) mutant was isolated from a population of 
activation-tagged plants designed to identify constitutive cytokinin responses in 
the absence of cytokinin (Kakimoto, 1996). The CKI1 gene also encodes a 
histidine kinase, which is probably Involved in some aspect of cytokinin 
perception and signalling. In addition, two Arabidopsis CRE1 homologues, 
AHK2 and AHK3, have been identified (Suzuki et al., 2001). 
Information on the downstream signalling cascade that occurs after binding of 
cytokinin to the CRE1 receptor Is also emerging. The predicted protein structure 
of CRE1 Indicates that it consists of two N terminal membrane spanning 
domains that allow the formation of an extracellular Input domain. The CRE1 
protein also has three intracellular domains consisting of a histidine kinase 
transmitter domain followed by two receiver domains (Inoue ef a/., 2001). 
Cytokinin binding causes phosphorylation of a histidine residue in the 
transmitter domain. This phosphate is then transferred to an aspartate residue 
in the receiver domain before being transferred to the histidine residue of a 
Histidine-containing phosphotransferase protein (HPt). Finally, the phosphate is 
transferred to the aspartate residue of a response regulator (RR) protein (Figure 
1.2.2.2a) (Lohrmann and Harter, 2002) that alters the transcription of target 
genes and causes a response. 
This model is supported by experimental evidence where mutation of His459 in 
the CRE1 His-kinase transmitter domain, or of ASP973 in the receiver domain, 
abolishes CRE1 activity (Inoue ef a/., 2001). In addition, when CRE1 is 
expressed in E. coli or yeast strains that do not have functional HPt or RR 
genes, no response is elicited on treatment with cytokinin (Suzuki ef a/., 2001). 
This indicates that CRE1 mediates cytokinin responses via a His-Asp 
phosphorelay cascade involving HPt and RR proteins in a manner typical of 
two-component histidine kinases. 
In Arabidopsis there are five genes encoding HPt proteins, AIHP1-5, and it has 
been shown that several of these purified proteins can be phosphorylated in an 
E. coli system (Suzuki ef a/., 1998). In support of the role of AHP proteins in 
cytokinin perception, it has been demonstrated that overexpression of AHP2 
leads to cytokinin hypersensitivity (Suzuki ef a/., 2002). 
There are approximately 20 response regulator (ARR) genes in Arabidopsis. 
The sequences of the ARR genes have homology to bacterial response 
regulator genes which act downstream of sensory histidine kinases. The ARR 
genes fall into two classes, type A and type B, based upon the domains they 
contain (Imamura ef a/., 1999). 
The presence of both HPt and ARR proteins in Arabidopsis indicates that 
responses may be elicited by a change in transcription of target genes brought 
about by a phosphotransfer cascade in the same way as in bacterial systems. 
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Figure 1.2.2.2a The phosphorelay cascade from a hybrid 
kinase to a response regulator 
Input tninsmttttr r«Miv«r ttol^'ln fc»hnr output 
HPt-
hybrkJ kinase protiin "^'PO"**'•Oulator 
From Lohrmann and Harter, 2002 
The phosphorelay works by transfer of a phosphate 
group from ATP to the hybrid kinase, which can then 
autophosphorylate. This phosphate is then transferred to 
the response regulator via the HPt protein. 
Conserved residues are phosphorylated in these proteins 
(H = histidine, D = aspartic acid) 
1.2.3 Ethylene 
The gas ethylene (C2H4) has long been known to be involved in several aspects 
of plant development such as fruit ripening, leaf senescence, abscission and 
germination (Reid, 1995). In addition, it is also involved in a number of stress 
responses such as flooding, wounding and pathogen attack (Davies, 1995). 
Ethylene also mediates the seedling triple response where treatment with 
ethylene in the dark leads to inhibited elongation of the hypocotyl and root, an 
increase in hypocotyl girth and failure of the apical hook to open (Reid and 
Howell, 1995). Various ethylene-insensitive mutants have been isolated by their 
failure to show the triple response under these conditions. 
1.2.3.1 Ethylene biosynthesis and transport 
Ethylene can be synthesised by most cell types and is produced from a 
methionine precursor that is converted to S-adenosyl-methionine by the enzyme 
methionine adenosyl transferase. S-adenosyl-methionine is then converted to 1-
aminocylopropane-1-carboxylic acid (ACC) by the ACC SYNTHASE (ACS) 
gene products, a multienzyme family which consists of five members (Liang ef 
a/., 1995). ACC can then be converted into ethylene by the enzyme ACC 
oxidase (McKeon ef a/., 1995). 
Ethylene moves by diffusion from the site of synthesis to local sites of action. 
However, the ethylene precursor ACC has also been shown to be transported, 
which may account for ethylene responses at positions removed from the 
ethylene production stimulus (Reid, 1995). As treatment of plants with ethylene 
directly can be technically difficult, addition of ACC to plant growth medium is 
often used to examine the effect of ethylene upregulation. 
1.2.3.2 Ethylene perception 
As in the case of cytokinin, ethylene is perceived by membrane bound histidine 
kinases receptors that elicit a response via a phosphorelay cascade. Binding of 
ethylene to the receptor changes its conformation and causes inactivation that 
leads to the ethylene response (Hua and Meyerowitz, 1998). 
The first Arabidopsis ethylene-response mutant to be identified was ethylene 
resistant 1-1 {etrl) (Bleeker ef a/., 1988). Cloning of the ETR1 gene revealed 
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that it encodes a protein that has similarity to bacterial receptor histidine kinases 
(Chang ef a/., 1993) and it has been demonstrated that the ETR1 protein binds 
ethylene reversibly (Schaller and Bleeker, 1995). Subsequently, another four 
related genes, ERS1, ERS2, ETR2 and EIN4, have been discovered in 
Arabidopsis, and ethylene perception is thought to involve all five receptors. 
Downstream of ETR1 and the other receptors, the response is mediated by 
CONSTITUTIVE TRIPLE RESP0NSE1 (CTR1). The cfr^ mutant shows the 
triple response in the absence of ethylene i.e. it has the phenotype of an 
ethylene overproducer, indicating that CTR1 is a negative regulator of 
downstream responses. Cloning of the CTR1 gene revealed that it encodes a 
member of the Raf family protein kinases (Kieber ef a/., 1993) which are 
involved in signal transduction via a phosphorylation cascade. The CTR1 
protein has also been shown to interact directly with ETR1 and ERS1 (Clark ef 
a/., 1998). 
It is currently proposed that the receptors are negative regulators of the 
ethylene signalling pathway (Chang and Stadler, 2001). Therefore, when 
ethylene is bound to the receptor, the receptor is inactive. If the receptor is 
inactive, it cannot phosphorylate the negative regulator CTR1 and activate it, 
which allows ethylene responses to occur. When ethylene dissociates from the 
receptor, it is activated and can activate CTR1, which then represses ethylene 
responses. 
Downstream of CTR1 and presumably linked by a MAP kinase cascade, is 
ETHYLENE INSENSITIVE2 (EIN2). The e/n2 mutant shows ethylene 
insensitivity (Guzman and Ecker, 1990). The EIN2 protein has membrane-
spanning domains, may be localised in the nuclear membrane and is an 
ethylene-response activator (Alonso ef a/., 1999). 
Two types of ethylene-responsive transcriptional activators have been 
discovered: the ETHYLENE INSENSITIVE3 (EIN3) and EIN3-LIKE (EIL) 
proteins and the ETHYLENE RESPONSE ELEMENT-BINDING PROTEINS 
(EREBPs). Several members of the EIN3/EIL family have been shown to bind to 
the promoter of the EREBP gene ETHYLENE RESPONSE FACT0R1 {ERF1) 
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and activate its transcription (Solano et al., 1998). ERF1 is thought to be a 
transcriptional activator as overexpression leads to activation of many ethylene 
responses (Stepanova and Ecker, 2000). Figure 1.2.3.2a shows a scheme of 
the ethylene signalling pathway. 
1.2.4 Gibberellin 
The gibberellins (GAs) are responsible for a variety of processes in the plant 
including stem elongation, leaf expansion, trichome, fruit and flower 
development and the promotion of germination (Davies, 1995). 
1.2.4.1 Gibberellin biosynthesis and transport 
GAs are tetracyclic diterpenoid acids with either 19 or 20 carbon atoms in the 
ring structure (Sponsel, 1995). Many structural modifications can be made to 
the ring structure and hence there are a large number of naturally occurring 
GAs. Naturally occurring GAs which have been characterised are allocated a 
number, giving the GAp nomenclature. GAs may be inactivated (reversible or 
irreversibly) by conjugation to another molecule such as glucose. GA responses 
are mediated by alterations in GA concentration and/or the sensitivity of the 
plant to GA (Davies, 1995). 
Not all of the GAs which have been isolated have high biological activity 
(Sponsel, 1995). One of the most important bioactive GAs in many plant 
species is GAi, and many of the other GAs are precursors to, or deactivation 
products of, GAi. In Arabidopsis it appears that GAi and GA4 are the most 
bioactive forms. 
GAs are synthesised in rapidly growing tissues such as shoot apices and root 
tips, developing anthers and seeds, expanding leaves and elongating stems. 
Recently, most of genes encoding enzymes Involved in GA biosynthesis have 
been cloned and characterised (for review see Olszewski et al., 2003). 
Synthesis of the basic ring structure occurs in the proplastlds before it is 
modified in the ER and then in the cytoplasm. It is In the cytoplasm that the 
precursors GA20 and GAg are synthesised by the GA2o-oxidases before they are 
converted by the GAa-oxidases to bioactive GAi and GA4 respectively. In 
Arabidopsis, the GA20-oxidases and the GA3-oxidases are encoded by small 
22 
Figure 1.2.3.2a The proposed ethylene signalling 




From Chang and Stadler, 2001 
When the ethylene receptors binds ethylene they are 
switched off and no longer activate the negative regulator 
CTRL This allows EIN2 to activate transcription of 
ethylene responsive target genes via EIN3 and ERF1. 
Conversely, when ethylene dissociates from the 
receptors, they are activated and can activate CTR1 
which then represses ethylene responses. 
gene families that consist of several members with tissue specific expression 
patterns. 
In general, it appears that GA biosynthesis is controlled by feedback 
mechanisms. Many of the GA20ox and GA3ox genes, whose products catalyze 
the formation of bioactive GAi and GA4, are downregulated by applied GA 
(reviewed by Hedden and Phillips, 2000; Yamaguchi and Kamiya, 2000). In 
contrast, the genes encoding 2-oxidases, that convert active GAs to inactive 
catabolites, are upregulated by GA treatment (Thomas et a/., 1999; Elliott a/., 
2001). 
GA biosynthesis is developmentally regulated as well as being influenced by 
interactions with other hormones and by light. In Arabidopsis seed, the primary 
role of GA appears to be in breakage of the seed coat. Mechanical damage of 
the seed coat of ga1-3 mutants, which have a mutation in a GA biosynthetic 
gene, allows the seeds to germinate (Silverstone et a/., 1997; Telfer et a/., 
1997), indicating that it is a failure of seed coat breakage that normally prevents 
germination in these mutants. This is supported by in situ hybridization that 
revealed the presence of GA biosynthetic enzyme transcripts in the embryo 
(Yamaguchi, et a/., 2001). 
Interactions with hormones including auxin have also been demonstrated. In 
pea and tobacco, GAi content in the stem is reduced by the removal of apical 
tissues or by the application of auxin transport inhibitors (Ross, 1998; Wolbang 
and Ross, 2001) and is accompanied by a decrease in GA biosynthetic enzyme 
transcripts (Ross et a/., 2000). 
It is also now apparent that red light promotes seed germination by increasing 
GA biosynthesis (For review see Kamiya and Garci'a-Marti'nez, 1999; 
Yamaguchi and Kamiya, 2000) and by affecting tissue responsiveness to GA 
(Hilhorst and Karssen, 1988). 
It is thought that GAs are probably transported in the xylem and phloem and 
that short range cell to cell transport also occurs in specific tissues (Olszewski 
et a/., 2003). 
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1.2.4.2 Gibberellin perception 
Gibberellin responses are mediated both by changes in the amount of bioactive 
GA which is present, and also by the responsiveness of the tissue to the 
available GA. Information on the pathways by which GA is perceived and elicits 
a response has been gathered by the analysis of mutants, some of which are 
described below. 
Several MYB transcription factors have been implicated in GA responses. The 
expression of AtMYB33 is induced in the shoot apex by GA. The AtMYB33 
protein then binds to a GA responsive element in the LEAFY promoter to 
promote gene expression and the induction of flowering (Gocal ef a/., 2001). In 
addition, the trichomeless phenotype of the glabral mutant can be rescued by 
the application of GA (Chien and Sussex, 1996; Telfer et a/., 1997; Perazza et 
a/., 1998). In addition, it has been shown that the ga1 mutant has decreased 
levels of GLABRA1 {GL1) mRNA, and that the GL1 promoter is induced by GA, 
indicating that GA is required for production of GL1 transcript and subsequent 
trichome development in Arabidopsis. 
Arabidopsis loss-of-function pkl mutants are GA-insensltive dwarfs that have 
increased amounts of GAs. Embryonic characteristics such as accumulation of 
lipids and the expression of storage protein genes in the swollen tip of the 
primary root persist in pkl after germination (Ogas ef a/., 1997). These 
embryonic phenotypes are not fully penetrant, and treatment with GA 
biosynthesis inhibitors increases the penetrance of the phenotypes, whereas 
treatment with GA reduces the penetrance. Cloning of the PICKLE {PKL) gene 
revealed that it is a CHS chromatin-remodeling factor (Ogas et a/., 1999). These 
proteins are part of a large complex that Inhibits transcription, and therefore it 
has been proposed that pkl phenotypes may be caused by ectopic gene 
expression. The PKL gene has also been implicated in Arabidopsis KNOX gene 
pathways (section 1.4.2.5.). 
Many of the mutations that modify GA sensitivity affect genes encoding 
members of the RGA/GAI family, such as the rga and gai mutations in 
Arabidopsis (Peng ef a/.,1997; Silverstone et al., 1998). RG-A was identified In a 
screen for mutations suppressing the vegetative dwarfism of the GA-deficient 
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ga1 mutant (Silverstone et a/., 1997). Loss-of-function rga alleles partially 
suppress most of the phenotypes of ga1 plants, including delayed abaxial 
trichome initiation, dwarfed rosette leaves, delayed flowering, dwarfism of the 
internodes of the floral shoot, and reduced apical dominance. In contrast, the 
gai-t6 loss-of-function allele suppresses ga1 only weakly. However, double 
mutants between rga and gai-t6 rescue the vegetative and delayed flowering 
phenotypes of ga1 completely and may even produce GA overexpression (Dill 
and Sun, 2001; King etal., 2001). 
It is believed that active GA signaling inhibits the repressor action of the 
GAI/RGA proteins by destabilizing them (Silverstone ef a/., 2001). The 
molecular mechanism by which GA affects the stability of the RGA/GAI proteins 
is not clear, but ubiquitin-mediated proteolysis has been proposed to be 
involved (Dill etal., 2001; Itoh etal., 2002). 
SPINDLY {SPY) is another negative regulator of GA signaling that was 
identified during a screen for mutants where both germination and the dwarfing 
effects of the GA biosynthesis inhibitor paclobutrazol were inhibited (Jacobsen 
and Olszewski, 1993; Jacobsen ef a/., 1996). spy mutants have a phenotype 
similar to that seen when plants are treated with GA, such as more erect rosette 
leaves with a pale green color, early flowering, and reduced seed set. 
Overexpression of SPY produces phenotypes consistent with reduced GA 
activity (Swain ef a/., 2001). The SPY gene encodes a protein that has 
homology to UDP-GlcNAc transferase (OGT) from animal systems, and it has 
been shown to have OGT activity (Thornton ef a/., 1999). Animal OGT transfers 
GlcNAc to serine and threonine residues and thereby modulates their activity. 
The proteins that are the target of SPY have not been identified but the 
RGA/GAI proteins have been proposed as possible targets (Silverstone ef a/., 
1998). Like PKL, the SPY gene has also been implicated in Arabidopsis KNOX 
gene pathways (section 1.4.2.5.). 
Although the GA receptor has not yet been identified, it has been established 
that it is located in the plasmamembrane of aleurone cells of cereal species 
(Gilroy and Jones, 1994; Hooley, ef a/., 1991). The role of heterotrimeric G 
proteins in the GA response in cereal aleurone cells has also been suggested. 
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Aleurone cells from the rice dwarf mutant d1, which is defective in the a subunit 
of a heterotrimeric G protein (Ashikari et a/., 1999; Fujisawa ef a/., 1999), have 
reduced sensitivity to GA compared with the wild type (Ueguchi-Tanaka ef a/., 
2000). However, it should be noted that in Arabidopsis, loss-of-function 
mutations affecting Ga proteins do not cause the dwarf phenotype that is typical 
of mutants with defective GA responses although they do affect other signaling 
pathways (Ullah ef a/., 2001; Wang ef a/., 2001). Therefore, the relative 
importance of the G protein in GA responses may vary between species. 
1.2.5 Summary 
This section describes the basics of the biosynthesis, transport and perception 
of four major plant hormones. The pathways by which these hormones elicit a 
response from the plant cell are gradually being dissected, and molecular 
genetics have played an important role in this. 
1.3 Development in Arabidopsis thaliana 
The development of plants and animals is fundamentally different in that animal 
embryos resemble a miniature version of the adult whereas most of the organs 
of the mature plant develop post-embryonically. This process is dependent on 
the activity of the meristems. These tissues represent pools of undifferentiated 
cells that divide to provide new cells for the growth and differentiation of organs. 
The development of the shoot meristem during plant embryogenesis is crucial 
as it provides a reservoir of undifferentiated cells from which the aerial parts of 
the plant subsequently arise. 
The root apical meristem is also formed during embryogenesis and provides 
cells that contribute to the length of the root during the lifetime of the plant. The 
lateral organs of the root system (namely the lateral roots) are not produced by 
the root apical meristem but are formed from pericycle cells. Hence, the function 
of the root and shoot meristems differs in the provision of cells for lateral organs. 
The following sections describe some aspects of Arabidopsis development that 
are of particular relevance to this work. 
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1.3.1 Embryogenesis, an overview 
The development of the Arabidopsis embryo involves the generation of shape 
(morphogenesis), the spatial organisation of cells (pattern formation) and the 
generation of cellular diversity (cytodifferentiation) (Lindsey et a/., 1996). 
Fertilisation of the egg cell by a sperm cell forms a zygote that undergoes highly 
regulated cell divisions to form the embryo (Jurgens et a/., 1991, Scheres et a/., 
1994). The initial zygotic division is asymmetric and results in a smaller apical 
cell which will form the embryo proper and a larger basal cell which forms the 
suspensor, which supplies nutrients to the embryo; and the hypophysis, which 
forms the quiescent centre of the root meristem and the columella root cap. This 
two-cell embryo then undergoes further, highly regulated cell divisions. At the 
octant stage, the cells of the embryo proper are organised into two cell layers 
separated by the O' boundary. The upper tier is destined to become the 
cotyledons and the shoot apex while the bottom tier will become the hypocotyl 
and embryonic root. Cotyledons develop as the embryo enters the heart stage 
before it grows and differentiates through the torpedo and curled cotyledon 
stages until it reaches maturity. By the heart stage, the epidermis, the ground 
tissue (endodermis and cortex) and the vascular tissue have been established, 
albeit in an undifferentiated form, and the cotyledons are evident. Figure 1.3.1a 
shows a summary of this developmental process. 
Aspects of pattern formation include the apical-basal polarity which is 
established by the first symmetric division of the zygote, radial patterning which 
is evident by the heart stage when layers of different tissues in the stem, 
hypocotyl and root can be identified, and bilateral symmetry established at the 
heart stage by the formation of cotyledons. Therefore, the plant has laid down 
its basic body plan, consisting of apical meristems, ground tissues and 
vasculature, and subsequent development simply alters the size and shape of 
these zones (Lindsey and Topping, 1998). 
1.3.2 Embryogenesis defective mutants 
There is an increasing amount of evidence that apical-basal pattern formation is 
regulated independently of correct cell morphogenesis and division. The 
tangled-1 mutation of maize is defective in the planes of cell division in the leaf 
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Figure 1.3.1a Embryogenesis in Arabidopsis 
• B C 
From Lindsey and Topping, 1993 
A: first asymmetric division of the zygote 
B-C: proembryonic stages 
D: octant stage with the O' boundary marked 
E-F: globular stage 
G: heart stage 
H: torpedo stage 
I: cotyledonary stage 
but the shape of the leaf is unaffected (Smith ef a/., 1996) and the Arabidopsis 
hydra and fass mutants show pleiotropic defects in cellular organisation but still 
display correct apical-basal polarity (Topping ef a/., 1997, Torres-Ruiz and 
Jurgens, 1994). 
In the fass mutant, there is a failure of pre-prophase band formation and a 
corresponding defect in the control of cell shape from early in embryogenesis 
(Torres-Ruiz and Jurgens, 1994). Therefore, morphogenesis is defective, but 
cell differentiation and apical-basal patterning still occurs, fass seedlings are 
compressed in the apical-basal axis, and are also radially swollen, especially in 
the hypocotyl. The fass mutant is characterised by an increase in cell layers in 
the root, which leads to an enlarged vascular cylinder and multiple cortical cell 
layers (Scheres ef a/., 1995). The fass mutation affects cell elongation and 
orientation of the cell wall, but does not interfere with polarity of the cells (i.e. 
they still have apical-basal polarity). 
The fass mutant is allelic to tonneau2 (fon2) (Mayer ef a/., 1991, Camilleri ef a/., 
2002). Cloning of fass has revealed that it has similarity to a protein 
phosphatase 2A regulatory subunit (Camilleri ef a/., 2002) and is required for 
control of the cytoskeleton. 
The hydral mutant was isolated in a screen for seedling defective mutants 
(Topping ef a/., 1997) and is defective in the control of cell shape in embryos 
and seedlings, hydral mutants are normal up to the octant stage of 
development but by the globular stage, there is a lack of organised cellular 
arrangement in the upper and lower tiers. This is exaggerated in the heart stage, 
and there appears to be no clearly defined vasculature or embryonic root. 
Torpedo and early cotyledonary stage embryos lack bilateral symmetry and the 
embryonic shoot apex has many primordia which give rise to cotyledon-like 
structures. 
Three markers have been used to assess the cellular organisation of hydral 
(Topping and Lindsey, 1997). COLUMELLA marks the seedling root cap, 
EXORDIUM is expressed constitutively from the octant stage onwards and then 
in the seedling shoot and root meristems and POLARIS marks the basal part of 
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the embryo from the heart stage, and the seedling root tip. Crosses between 
hydral and these markers show that EXORDIUM and POLARIS are expressed 
in hydral embryos and seedling in essentially the same patterns as in wild type, 
and that COLUMELLA is expressed in the least abnormal of the hydral roots. 
This indicates that, although hydral shows defective morphogenesis, some 
shoot and root meristem genes are active. This, along with the expression of 
COLUMELLA, show that apical-basal patterning still occurs in hydral despite a 
lack of bilateral symmetry and radial patterning. 
The hydra2 mutant of Arabidopsis has a similar phenotype to hydral. Both 
genes have been cloned and sequenced and have been shown to encode a A8-
A7 sterol isomerase {HYDRA1) and a sterol C14 reductase {HYDRA2) (Souter 
ef al., 2002). It is proposed that correct sterol biosynthesis is required for 
regulated auxin and ethylene signalling through effects on membrane function. 
The mp mutation is evident from the globular stage of embryogenesis when the 
lower tier fails to undergo orientated expansions and divisions which allow the 
production of the hypocotyl and root (Berleth and Jiirgens, 1993) This leads to a 
deletion in the basal parts of the embryo such as the hypocotyl and root 
meristem. The bdl mutation is also evident from early embryogenesis, when the 
apical daughter cell of the zygote divides horizontally rather than vertically 
(Hamann ef al., 1999). This leads to abnormal divisions in the basal daughter 
cell and a failure to generate the quiescent centre of the root meristem and the 
central root cap. These two mutants will be discussed further in section 1.3.3 
below. 
1.3.3 Vascular development defective mutants 
The transport of auxin from the shoot to the root has been implicated in 
controlling differentiation along the axis of the plant (Nelson, 1998), and in 
controlling the development of lateral organs along this axis. 
Apical-basal transport of auxin Is required during embryogenesis where It 
functions In establishment of bilateral symmetry. Treatment of Brassica juncea 
embryos with auxin transport inhibitors causes defects In the establishment of 
lateral organs such as cotyledons. This phenotype is similar to that seen In 
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Arabidopsis pin and gnom embryos where auxin transport is impaired (Liu ef a/., 
1993). 
Auxins have been implicated as pathfinding signals in vascular strand 
development. This has been demonstrated by observing that auxin application 
leads to the development of a vascular strand basal to the point of application 
(Berleth and Mattsson, 2000). This process is dependent on auxin transport, 
and it may be that flow of auxin may set up coarse patterns that are further 
refined by induction of specific genes that fine-tune the developmental response. 
Treatment of Arabidopsis with auxin transport inhibitors such as NPA and TIBA 
leads to an increase in the number of vascular strands that are produced, 
although these strands are not properly aligned (Mattsson ef a/., 1999). Analysis 
of the pin1 mutation indicates that it has a vascular phenotype that is similar to 
that of wild type plants that have been treated with an auxin transport inhibitor 
(Galweiler ef a/., 1998). Therefore, as defective auxin transport leads to an 
increase in the number of vascular strands, it appears that the auxin signal is 
required to limit the development of vascular strands to a narrow strand, as well 
as for vascular tissue continuity. 
The mp mutant (introduced in sections 1.2.1.3 and 1.3.2) was isolated as an 
embryo pattern mutant that lacks basal structures in the embryo axis such as 
the hypocotyl and root meristem (Berleth and Jurgens, 1993). 
Occasionally, mp plants can be induced to form roots and this has allowed the 
study of postembryonic development. In mp seedlings, one or two cotyledons 
that show reduced vasculature are present. The vascular system of mp mutant 
plants does not develop properly as the vascular cells do not align and 
interconnect properly (Przemeck ef a/., 1996). 
Cloning of the MP gene has revealed that it is a member of the ARF 
transcription factor family (Hardtke and Berleth, 1998) that is involved in auxin 
response pathways. MP mRNA is detected in all subepidermal cells in globular 
stage embryos and is gradually restricted to provascular domains in later 
embryos. A similar pattern of broad expression that becomes restricted to 
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vascular tissues was seen in developing aerial parts. In the mature root, the MP 
transcript is detected in the stele. This localisation of expression to the 
developing vasculature is consistent with a role in vascular development. As 
both xylem and phloem cells are present in mp mutants, MP appears to mediate 
integration of vascular cell files rather than to promote particular events during 
vascular differentiation. The reduced auxin transport in mp has been proposed 
to be a result of distorted cellular continuity in the vascular strands combined 
with a reduction in vasculature, rather than a decrease in the capacity of 
individual cells for auxin transport (Mattsson et a/., 1999). 
As mentioned in section 1.2.1.3, the bdl mutant phenotype is caused by a 
disruption in the AUX/IAA gene IAA12 (Hamann et a!., 2003). The bdl mutant 
has a similar phenotype to mp with a deletion of the basal organs of the 
seedling such as the root and the hypocotyl, and decreased vasculature in the 
cotyledons (Hamann et a!., 1999). Although bdl seedlings do not have a primary 
root, they readily form secondary roots and give rise to fertile, adult plants. They 
also have reduced vasculature in the same way as mp mutant plants. The bdl 
mutation is semi-dominant. 
It has recently been demonstrated that the BDL protein can interact directly with 
the MP protein in a yeast two-hybrid system (Hamann et a/., 2003), and that 
BDL mRNA is coexpressed with MP mRNA during embryogenesis, with 
expression becoming restricted to the vascular precursor cells. Although the bdl 
mutation resembles the mp mutation, MP is expressed in bdl embryos, 
indicating that transcription of MP is not abolished. 
As an increase in the stability of the BDL protein in the bdl mutant has a similar 
phenotype to loss of function of the MP protein in the mp mutant, these results 
indicate that BDL is required to repress the activity of MP, and that MP is an 
activator of auxin responsive genes. 
Serial radial sectioning of wild type Arabidopsis roots has revealed that xylem 
lineages are specified early (i.e. close to the QC) whereas phloem and 
procambium are specified by initial cells that flank the xylem pole (Mahonen et 
a/., 2000). 
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The structure of the wild type xylem pole consists of two outer protoxylem poles 
that have a ring-like pattern of lignification, with a central metaxylem pole which 
has more uniform lignification. 
The woodenleg {wol) mutation was first identified as a radial pattern mutant that 
has fewer cells in the vascular system in comparison with the wild type, and 
where all of these cells differentiate to form xylem elements (Scheres ef a/., 
1995). Cloning of the WOL gene (Mahonen ef a/., 2000) revealed that it is allelic 
to the cytokinin receptor CRE^ (see section 1.2.2.2). 
The wol mutant has fewer cells in the vascular initials as the final divisions that 
complete the stele initials during embryogenesis do not occur. This reduction in 
the number of stele initial cells in wol seedlings means that the divisions which 
normally occur next to the xylem poles and produce cells destined to become 
phloem and procambium do not occur. All of the available stele cells 
differentiate into xylem (Mahonen ef a/., 2000). 
In addition, the wol vascular system consists entirely of protoxylem with no 
metaxylem (Mahonen ef a/., 2000). It is the decrease in cell numbers in the wol 
vasculature that affects phloem and metaxylem differentiation, rather than a 
requirement for the WOL gene product. This has been indicated by the 
presence of phloem and metaxylem in fass/wol double mutants, where fass 
supernumerary cell layers function to replace cells that are missing in wol. It 
therefore appears that WOL is required to control the number of cells in the 
stele, which has an indirect effect on xylem and phloem differentiation. As the 
WOL gene product has been shown to be a cytokinin receptor (Inoue ef a/., 
2001), this indicates a requirement for cytokinin in regulating vascular bundle 
development during embryogenesis. 
The gollum (glm) mutant was isolated in the same screen as wol (Scheres ef a/., 
1995) and is also defective in radial patterning. The root of the glm mutant is 
characterised by disorganised vascular tissues and an incomplete pericycle 
layer. The glm mutant phenotype is visible in mature embryos where the stele 
cells appear disorganised. 
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1.3.4 Post-embryonic development of the root 
As described in the sections below, the basic pattern of the main root is 
established during embryogenesis by precise cell divisions. Post-embryonically, 
the main root continues to grow as cells are generated by the root apical 
meristem. In addition, root architechture is also elaborated by the development 
of lateral roots. 
1.3.4.1 Organisation of the Arabidopsis root 
The root meristem functions to provide new cells with are added to pre-existing 
cell files that extend back into the main root. The root meristem is contained 
within the distal 250 pm of the root, and is characterised by small cells that are 
overlaid by the root cap. Proximal to this zone is the elongation zone, which 
also spans approximately 250 pm. The next zone is the differentiation zone, 
where elongated cells in different files mature into different cell types. Epidermal 
cells that are beginning to produce root hairs mark the end of this zone (Dolan 
etal., 1993). 
The organisation of the root tip is shown in Figure 1.3.4.1a. In the centre of the 
root meristem are the cells of the quiescent centre (QC). On the distal side (i.e. 
towards the root apex) of the QC lie initial cells for the columella and lateral root 
caps as well as the epidermis. The lateral root cap and the epidermis appear to 
originate from the same initials. The tier of cells on the proximal (shoot) side of 
the QC consists of the initials for the vascular tissues (xylem and phloem, also 
referred to as the stele) and the pericycle. Positioned radially around the QC are 
the initials that provide cells to the endodermal and cortical layers (collectively 
known as the ground tissues). The initial cells for each file divide less frequently 
than their daughter cells, which divide rapidly to produce new root cells, with the 
exception of the columella daughter cells that appear to endoreduplicate rather 
than divide (Dolan etal., 1993). 
Examination of transverse sections of the mature Arabidopsis root reveal that 
these different cell layers are arranged in concentric layers with the stele in the 
centre of the root followed by single layers of pericycle, endodermal, cortical 
and finally epidermal cells (Figure 1.3.4.1a). The number of cells in the cortex 
and endodermis is invariant, with eight cells in each of these layers. 
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Figure 1.3.4.1a Organisation of the Arabidopsis 
root and root apical meristem 
I vascular bundle and pericycle 
H cortex initial 




lateral root cap 
columella 
quiescent centre (QC) 
From the Root Development Group, University of Utrecht 
vvww.bio.uu.nl/~mcbroots/anatmap.htm 
The Arabidopsis root is organised into concentric circles of 
different cell types, with a single layer of each cell type. 
Only the cortex initial cells are marked on this map, but 
there are initial cells for the columella, the lateral root cap 
and the epidermal cells below the QC, as well as pericycle 
and vascular cell initials above the QC. 
The vascular bundle consists of xylem and phloem and is 
also referred to as the stele. 
The importance of position effects can be seen in several cell types in the root. 
For example, epidermal cells can either form trichoblasts (which develop a root 
hair) or atrichoblasts (which do not develop a root hair). The trichoblasts are 
found only in cell files that are touching more than one underlying cortical cell 
(Figure 1.3.4.1a). Similarly, only pericycle cells that are adjacent to an 
underlying xylem pole can initiate divisions in the mature pericycle to form a 
lateral root. Those pericycle cells that are adjacent to a phloem pole are not 
activated to form lateral roots (see section 1.3.4.2 and 1.3.4.3). 
It has been demonstrated that it is position effect, rather than cell lineage, which 
determines cell fate. Laser ablation of specific cells in the root caused division 
of a neighbouring cell from a different cell layer, with the position of the dead 
cell being filled by one of the daughter cells (van den Berg ef a/., 1995). For 
example, the ablation of cortical/endodermal initials caused the asymmetric 
division of neighbouring pericycle cells to produce new cortical and endodermal 
initials, and ablation of epidermal/lateral root cap initials caused cortical cells to 
divide and then acquire the identity of these initials. 
It is thought that one role of the QC is to prevent the adjacent initial cells from 
differentiating and therefore maintain their undifferentiated state. A series of 
laser ablation studies on the QC and initial cells revealed that removal of a QC 
cell allowed the differentiation of the adjacent initial cell (van den Berg ef a/., 
1997). 
1.3.4.2 Development of lateral roots 
As described in section 1.3.4.1, the apical meristem of the main root contributes 
cells to the primary root to allow growth during the life of the plant. In addition, 
root architecture is elaborated by the initiation and growth of lateral roots in an 
acropetal sequence along the root. As mentioned in section 1.3, there is a 
fundamental difference in the elaboration of the architecture of the aerial parts 
of the plant compared to that of the root system. In the aerial part of the plant, 
lateral organs such as leaves originate from the shoot apical meristem. 
However, in the root system, lateral organs in the form of lateral roots arise from 
the pericyle cells of the primary root. 
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Lateral root primordia are Initiated by divisions in pericycle cells that are in 
contact with the underlying protoxylem cells of the xylem pole (Dubrovsky ef al., 
2001). Those pericycle cells that are adjacent to the phloem poles do not divide. 
Initiation of lateral roots occurs behind the root tip in the zone of differentiation, 
where the pericycle cells are not actively dividing (Malamy and Benfey, 1997). 
The overall tissue patterning in the lateral roots is similar to that in the main root, 
with single layers of epidermis, cortex, endodermis and pericycle surrounding 
the stele, although radial organisation is less stereotyped. This is thought to be 
due to variation in the number of founder pericycle cells that are recruited in the 
pericycle to form the new lateral (Dolan ef al., 1993). 
Pericycle cells in files that are adjacent to phloem poles or xylem poles are 
anatomically different, with those adjacent to a phloem pole being 
approximately twice the length of those adjacent to a xylem pole (Laskowski ef 
al., 1995). 
It is thought that pericycle cells do not leave the cell cycle like other 
differentiated cell types (Beeckman et al., 2001). In the main root, pericycle cells 
in files adjacent to xylem poles or phloem poles can be distinguished not only 
by their length, but also by their cell cycle status. Those that are adjacent to 
phloem poles reach maturation after fewer cell divisions and remain in the G1 
phase. Those that are adjacent to the xylem poles undergo more divisions in 
the meristem and then progress through the cell cycle to the G2 phase. It may 
be that xylem pole pericycle cells are more susceptible to lateral root initiation 
as they have already completed DNA synthesis (S phase) and are arrested 
immediately prior to the mitotic (M) whereas phloem pole pericycle cells are 
arrested prior to the S phase. 
The formation of a lateral root begins with anticlinal divisions that increase the 
number of cells In the pericycle file (Laskowski ef al., 1995). These cells then 
divide pericllnally to form the lateral root primordia. When the developing lateral 
root contains approximately eight cell layers, the cells become organised Into a 
pattern that is characteristic of the primary root meristem. Several distinct cell 
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layers are formed at the root apex and these continue to divide periclinally to 
form the root cap, in which starch cells can be visualised. Divisions behind this 
apex also produce long slender cells that are characteristic of procambium. 
When the lateral root emerges from the primary root it has 8-10 cell layers. The 
emergence step occurs primarily by expansion of the cells in the primordia, 
rather than by further cell divisions. After emergence, cell division starts in the 
newly formed lateral root meristem, and the number of cells in the lateral root 
increases (Malamy and Benfey, 1997). 
Excision of segments of primary root which contain a lateral root primordia 
consisting of only two cell layers fail to form a lateral root in culture whereas 
excision of primordia with at least six cell layers develop into morphologically 
normal roots (Laskowski et a/., 1995). The development of lateral roots from 
primordia with between three and five cell layers gave variable results, 
indicating that a functional lateral root meristem may be formed during this 
period. 
The point at which the developing lateral root primordia undergoes a 
developmental transition which allows it to independently form a lateral root 
appears to be just before the change in root architecture described above. The 
presence of a developmental transition is supported by the observation that 
treatment of roots with auxin causes all of the cells in the pericycle adjacent to 
the xylem poles to divide, but only a subset form a lateral root meristem 
(Laskowski etal., 1995). 
The exact point at which a functional meristem is formed is difficult to pinpoint. 
The excision of primordia and their ability to form a meristem does not 
necessarily mean that a true meristem has been established, but that the 
primordia is sufficiently developed to direct formation of the meristem (Malamy 
and Benfey, 1997). 
Further evidence to support a model where lateral root development occurs in 
distinct stages is provided by the rootmeristemlessi {rml1) and aberrant lateral 
root formation3-1 mutants (a/f3-7). 
36 
The rml1 mutant (Cheng ef a/., 1995) is characterised by normal embryonic 
development of the primary root followed by failure of the meristem to divide 
after germination. Lateral roots can be initiated but arrest just after emergence. 
Therefore, it appears that the lateral root phenotype is due to the lack of a 
functional lateral root meristem. 
A similar situation occurs in the alf3-1 mutant (Celenza et a/., 1995), which 
forms a primary root that is covered in arrested lateral root primordia, where the 
primordium cells are dead. The alf3-1 lateral roots develop in the same way as 
ALF3-1 lateral roots but then arrest just after emergence. The mutant primordia 
appear similar to wild type primordia in their overall shape, but lack cellular 
differentiation. The alf3-1 mutant also initiates more lateral root primordia when 
compared with ALF3-1 plants, with new primordia initiating adjacent to, or on 
top of, arrested primordia. In addition, the primary root meristem also arrests by 
8 days after germination. 
Growth of the alf3-1 plants with the lAA precursor indole allows newly initiated 
lateral root primordia to develop into mature lateral roots. As the alf3-1 mutant 
can be rescued by growth on indole, it is thought that the role of the ALF3-1 
gene product is maintain auxin levels in the primordium at a level which is 
required to keep the cells viable. This could either be by de novo synthesis of 
auxin in the primordium, or by auxin transport to the primordium. 
The analysis of these two mutants supports the model proposed by Malamy 
(Malamy and Benfey, 1997), where there are four key stages in lateral root 
formation: 
(1) stimulation and dedifferentiation of pericycle cells 
(2) ordered cell divisions and cell differentiation to generate an organised 
lateral root primordia which may include a group of cells which function 
as a meristem 
(3) emergence by cell expansion 
(4) activation of the lateral root meristem to allow continued growth of the 
organised lateral root by cell division 
37 
1.3.4.3 Control of lateral root development 
The application of auxin leads to initiation of lateral roots along the entire length 
of the primary root (as is also seen in the auxin overproducing nnutant rty), 
indicating a role for auxin in lateral root initiation. 
The polar auxin transport inhibitor NPA has been shown to block lateral root 
development (Reed a/., 1998). Application of NPA to the shoot/root junction 
caused a decrease in the number and density of lateral roots that were 
produced, and also decreased the free lAA and transport of lAA to the root. 
Application of NPA in the middle of the root inhibited lateral root formation at 
positions apical to the application, and this could be rescued by the application 
of lAA apical to the NPA application. Similarly, growth of plants in the dark, or 
excision of the shoot also caused inhibition of lateral root development that was 
reversible by application of lAA. This indicates a requirement for shoot derived 
auxin in lateral root development. 
A closer analysis of the effect of NPA on lateral root development (Casimiro et 
a/., 2001) has indicated that NPA blocks the first anticlinal divisions of the xylem 
pole pericycle cells. 
NPA does not act to respecify the fate of xylem pole pericycle founder cells, as 
demonstrated by the continued expression of a specific marker for xylem pole 
pericycle cells in the presence of the inhibitor (Casimiro et a/., 2001). In addition, 
as the inhibitory effects of NPA can be reversed by transfer of plants from 
medium containing NPA to medium containing NPA and NAA, this indicates that 
transport inhibitor-treated roots are still competent to respond to auxin. 
Therefore, it appears the NPA causes endogenous root lAA to be reduced to a 
level that is suboptimal for lateral root development. 
NPA inhibits both basipetal and acropetal auxin transport (Rashotte ef a/., 2000), 
and causes lAA to accumulate in the root tip. Studies using marker lines for 
auxin accumulation (DR5::GUS) and cell division (cycB1-1 ::GUS) indicate that 
the site of auxin accumulation in the root is spatially distinct from the site of 
lateral root initiation by pericycle cells (Casimiro et a/., 2001). This implies that 
the zone of lateral root initiation is at a position basal to the root apex. 
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Between 5 and 7 days after germination (DAG), a transient pulse of auxin 
travels from the shoot to the root tip, and this is correlated with the emergence 
of the first lateral roots (Bhalerao ef a/., 2002). Removal of aerial tissues at 4 
DAG leads to a decrease in the number of lateral roots, whereas removal of 
aerial parts at 7 DAG did not affect the number of lateral roots. The number of 
lateral roots in 4 day-old excised seedlings could be restored by exogenous 
application of auxin to the cut surface. This indicates that shoot derived lAA is 
important for lateral root emergence during the early stages of seedling 
development. The decrease in dependency on shoot derived auxin for 
emergence of lateral root primordia between 3 and 10 DAG is due to increased 
lAA synthesis in the root itself. 
The shootmeristemless {stm) mutant (Barton and Poethig, 1993) cannot 
produce aerial tissues, and therefore has reduced auxin transport from the 
shoot to the root. However, auxin distribution and sensitivity is normal in the root. 
stm mutant plants produce a wild type number of lateral root primordia, although 
they do not emerge in acropetal sequence, and elongation can be erratic 
(Casimiro et a/., 2001). Therefore, it appears that the lack of coordinated lateral 
root emergence in stm mutants is due to the lack of a pulse of shoot derived 
auxin between 5 and 7 DAG, supporting the finding that shoot derived lAA is 
required for lateral root emergence early in seedling development. 
Several authors have proposed a two step model for lateral root formation 
where auxin is required at both stages, first for the initiation of the primordia by 
promoting initial cell divisions in the pericycle and then for maintainance of cell 
division to ensure formation of a viable lateral root primordium (Bhalerao et a/., 
2002, Casimiro etal., 2001, Celenza etal., 1995). 
aux1 mutants have decreased auxin levels at the root tip and blocked basipetal 
transport, which can be rescued by the addition of NAA, indicating that the 
decrease in lateral roots in aux1 is caused by a decrease in auxin levels in the 
root. 
AUX1 is expressed in lateral root primordia after the first anticlinal division of the 
xylem pole pericycle cells (Marchant et a/., 2002). It is then required to import 
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lAA into newly developing lateral root primordia to allow their continued 
development. Consistent with this model, lateral root primordia in aux1 mutants 
are delayed at the transition from anticlinal to periclinal divisions (i.e. from 
initiation to emergence). 
It has been proposed that basipetal auxin transport is required for lateral root 
initiation and acropetal auxin transport is required for emergence. However, it 
has been noted that mutants that selectively disrupt basipetal auxin transport 
such as pin2 do not cause reduction in the number of lateral root primordia. In 
addition, growth of the aux1 mutant on NAA does not correct gravitropism and 
basipetal transport but does restore lateral root primordia development to wild 
type levels (Marchant et a/., 2002). In addition, it has been observed that at 1-3 
DAG, seedlings accumulate auxin in their root apex (Bhalerao ef a/., 2002) and 
that this coincides with the initiation of lateral root primordia (Casimiro ef a/., 
2001). 
It is has been hypothesised that a threshold level of auxin is required in the root 
apex to allow xylem pole pericycle cells to undergo increased cell division, and 
that unloading of lAA from the phloem pole by AUX1 is required for this 
(Marchant ef a/., 2002). Suboptimal auxin levels at the root tip may alter the 
mitotic activity of these cells and influence their ability to divide at later stages. 
Therefore, AUX1 functions at both stages in lateral root development by 
promoting lAA accumulation in the root tip which influences lateral root 
primordia initiation, and then facilitating lateral root emergence by supplying lAA 
to the developing primordium. 
1.3.5 Summary 
This section has provided an overview of the developmental processes that are 
of particular relevance to this work. 
Development of the Arabidopsis embryo and root are highly ordered processes 
that are mediated by highly ordered cell divisions. This leads to the formation of 
invariant structures that simplifies the analysis of mutants in these systems. 
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Lateral root formation in Arabidopsis involves the activation of specific pericycle 
cells in the primary root that are competent to divide and form root primordia. 
These root primordia go on to form fully functional autonomous meristems. An 
important mediator in this process appears to be the plant hormone auxin, 
although the exact mechanisms by which this is achieved are currently 
unknown. 
1.4 Homeobox genes and plant development 
The spatial and temporal expression of specific genes during development is 
essential in the production of a fully functional mature plant. The perception of 
plant hormones and the regulatory cascades that follow cause changes in gene 
expression that elicit hormone responses. These changes in gene expression 
are controlled by transcription factors. 
Although there are many groups of transcription factors, only the homeobox 
family will be discussed here. 
1.4.1 Homeobox genes 
The effects of disrupting homeobox genes were first observed when mutations 
that cause disturbance of body plan in the fruitfly Drosophila melanogaster were 
identified. For example, the antennapedia mutation causes legs to develop from 
the head of the fly in place of antennae, and the bithorax mutation causes the 
partial formation of extra wing pairs. Hence, these mutations cause the 
transformation of certain body parts into other structures found elsewhere in the 
fly. Homeotic genes play a central role in the patterning of the body parts of 
Drosophila by specifying differences between body segments along the head to 
rear axis, i.e. they provide positional information to cells (Alberts et a/., 1994). 
Homeobox genes have since been found in a huge diversity of animals 
including earthworms and nematodes, beetles, molluscs, sea urchins, fish, frogs 
and mammals where they are also involved in body plan organisation and 
patterning. In addition, homeobox genes have also been discovered in fungi 
and plants. In plants, the role of the homeobox genes is less clear-cut than in 
animals and they appear to have roles in other developmental and response 
processes as well as in patterning of the plant. 
The homeodomain proteins that are encoded by homeobox genes are 
transcription factors that regulate gene expression and control developmental 
processes. All homeodomain proteins contain a highly conserved homeobox 
sequence that encodes a DNA binding domain of 60 amino acids. The 
homeodomain consists of three helices with the best conserved being the third 
helix at the C terminal end. This third helix sits in the major groove of DNA and, 
along with the N terminal arm of the protein, regulates transcription of the target 
gene (Lewin, 1995). 
1.4.2 Plant homeobox genes 
Homeobox genes have been isolated using various techniques from a large 
number of different species including maize, rice, soybean, rape, barley, tomato 
and Arabidopsis. The homeobox genes isolated so far from plants can be 
divided into seven families based on the sequence of the homeobox itself and 
of other conserved domains. These families are HD-KN1, HD-ZIP I, HD-ZIP II, 
HD-ZIP III, HD-GL2, HD-BEL and HD-PHD. The HD-KN1 family have also been 
referred to as KNOTTED-1 like homeobox genes {KNOX). 
1.4.2.1 The K/VOX family of homeobox genes In Arabidopsis 
As mentioned above, typical homeobox proteins contain a conserved DNA 
binding domain of 60 amino acids, which forms three alpha helices. However, 
there are particular subsets of homeobox genes that show deviations in the 
number of amino acids that are present. It has been shown that the extra amino 
acids are either located between helices 1 and 2, or between helices 2 and 3. 
One group of atypical homeobox genes that has been identified is characterised 
by the addition of three amino acids between helix 1 and helix 2. This group has 
been named the TALE superfamily (three amino acid loop extension) (Bertolino 
ef a/., 1995). Members of this group include groups from yeast, human and fly 
systems as well as the HD-KN1 and HD-SEL families from plants 
The first plant homeobox gene to be discovered was the maize KNOX gene 
KN0TTED1 {KN1) (Vollbrecht ef a/., 1991). The Kn1 locus was first identified as 
a transposon-tagged gain-of-function mutant that alters leaf development. Kn1 
is normally expressed in the shoot apical meristem but ectopic expression in the 
leaf veins of mutant plants causes localised zones of extra cell division that 
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results in outgrowths or knots. It is proposed that the Kn1 gene product is 
involved in maintaining the indeterminate structure of the plant meristem and 
that its down-regulation leads to the formation of determinate lateral organs 
such as leaves or flowers and it has been shown that loss of function mutations 
are defective in shoot meristem maintenance (Kerstetter et a/., 1997). 
The members of the K/VOX family are related to the maize Kn1 gene and were 
isolated in Arabidopsis by homology to Kn1. The KNOX family in Arabidopsis 
consist of the SHOOTMERISTEMLESS {STM) gene as well as seven KNAT 
genes {KNOTTED-Wke Arabidopsis). These genes share various conserved 
domains, which are also conserved in KNOX family members from other 
species. 
Southern analysis in maize reveals that there are twelve sequences with 
similarity to Kn1 in maize (Kerstetter et a!., 1994), and cDNAs were isolated for 
these genes. These genes were then divided into two subfamilies, Class 1 and 
Class 2, based upon the sequence of the homeobox region. Each KNOX gene 
has an intron in a conserved position within the homeobox region, near the N-
terminal end of the second helix. In addition, the Class 2 genes share another 
small intron upstream of the homeobox. Investigation of the expression pattern 
of these KNOX genes showed that the Class 1 genes were expressed in 
meristematic tissues such as inflorescence primordia and the shoot apical 
meristem. The Class 2 genes showed greater diversity in their expression 
pattern, and were not confined to expression in meristem tissues. Therefore 
there is a functional division between the Class 1 and Class 2 genes as well as 
divergence in sequence. 
KNOX genes that have been isolated from other plant species also fall into 
these two subfamilies. 
In Arabidopsis, Class 1 genes include the genes KNAT1, KNAT2 and STM. 
KNAT1 (Lincoln a/., 1994) is expressed in the shoot apical meristem and 
overexpression of this gene induces lobed leaves with ectopic meristems 
(Chuck ef a/., 1996). KNAT2 (Lincoln ef a/., 1994) has also been isolated as 
ATK1 (Dockx ef a/., 1995) and is expressed in the shoot apex of seedlings. The 
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overexpression phenotype of KNAT2 is similar to that of KNAT1 (Pautot et a/., 
2001). 
The shootmeristemless {stm) mutant was first isolated as an ethylmethane 
sulphonate (EMS) mutant where the initiation of the shoot apical meristem 
(SAM) is blocked completely (Barton and Poethig, 1993). The Merihbl cDNA 
was isolated from a cauliflower meristem cDNA library using the Kn1 sequence 
as a probe. The corresponding clone from Arabidopsis was then isolated using 
this sequence (Granger et a/., 1996). It was also demonstrated that the Merihbl 
locus was the same as the stm locus (Long et a/., 1996). The STM transcript is 
detected in a similar pattern to the Kn1 transcript, with expression in 
meristematic tissues such as the vegetative, axilliary, inflorescence and floral 
meristems but not in more determinate tissues such as leaves (Long et a/., 
1996). It has been proposed that STM is the Arabidopsis homologue of Kn1, 
based on the analysis of the sequences of Kn1 and RS1 from maize, SBH1 
from soybean and KNAT1, KNAT2 and STM from Arabidopsis (Granger et a!., 
1996). However, a more detailed phylogenetic analysis of a wider range of 
sequences did not support this hypothesis (Bharathan ef a/., 1999). In addition, 
the overexpression of STM does not lead to a phenotype that is the same as 
that of Kn1 or KNAT1 overexpression in Arabidopsis. The STM overexpression 
phenotype consists of severely stunted plants with a highly disorganised SAM 
(Williams, 1998). 
Arabidopsis Class 2 genes include KNAT3, KNAT4 and KNAT5. There are no 
mutant phenotypes associated with these genes and their functions are 
unknown as yet. They are all expressed in all tissues examined, albeit at 
different levels. KNAT3 and KNAT4 show reduced expression in etiolated 
seedlings, which indicates that they are light regulated (Serikawa et a/., 1996). 
Overexpression of KNAT3 in Arabidopsis does not result in a clearly visible 
phenotype, and plants remain wild type in appearance (Serikawa ef a/., 1997, 
Serikawa and Zambryski, 1997). 
1.4.2.2 Conserved domains in KA/OXfamily genes 
As mentioned above, the key feature of these genes is the homeobox region 
which functions to bind DNA. This region is located at the extreme 3' of the 
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coding sequence in the KNOX genes. Although the KNOX homeobox region is 
very similar to that found in the BEL family of homeobox transcription factors 
(another TALE superfamily member), the KA/OX family are distinct from the 8EL 
family by the presence of several other well-conserved domains as detailed 
below. 
Immediately upstream of the homeobox lies the ELK domain, named as three 
conserved amino acids in this region in several family members are E (glutamic 
acid), L (leucine) and K (lysine). This region has been shown to contain a 
nuclear localisation signal (Meisel and Lam, 1996). The ELK domain has also 
been proposed to function in protein-protein interactions as it contains regularly 
spaced residues which are reminiscent of the leucine zipper motif which is 
known to be involved such interactions (Kerstetter et a/., 1994). 
The MEIS class of animal TALE homeobox genes contain a conserved domain 
that is also found in the KA/OX family of plant homeobox genes (Biirglin, 1997). 
This domain, referred to as the MEIS domain in the MEIS family, and the KNOX 
domain in the KNOX family, is collectively known as the MEINOX domain, and 
is located at 5' end of the gene, upstream of the homeobox and the ELK 
domains. The secondary structure of the MEINOX domain has been proposed 
to include a-helical domains which have been proposed to function in protein-
protein interactions (Mushegian and Koonin, 1996, Biirglin, 1997). 
One further conserved domain that has also been identified is the GSE box. 
This small domain is found between the KNOX domain and the ELK domain 
and is less highly conserved. The GSE box has been identified in Class 1 genes 
(Biirglin, 1997) but is not easily identifiable in Class 2 genes by simple 
alignment. Deletion of the GSE domain causes an increase in the number of 
plants displaying the most severe phenotype observed in rice plants 
overexpressing the rice homeobox gene 0SH15 (Nagasaki ef a/., 2001). The 
GSE domain is enriched with proline (P), serine (S) and glutamate (E) residues. 
Sequences that are enriched for these residues as well as threonine (T) are 
referred to as PEST sequences, and have been implicated as signals for rapid 
protein degredation (Rogers et a/., 1986). Therefore, removal of this sequence 
from the OSH15 protein may increase the half-life of the protein and increase 
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the number of plants displaying the severe overexpression. A further PEST 
sequence has also been identified at the extreme C-terminal of the KNOX 
proteins, downstream of the homeodomain. 
The lack of a mutant phenotype when KNAT3 is overexpressed has allowed the 
analysis of domains in the KNAT1 protein that confer the overexpression 
phenotype (Serikawa and Zambryski, 1997). As mentioned previously, the 
overexpression of KNAT1 leads to a deeply lobed leaf phenotype. In addition, 
the flowers of KNAT1 overexpressing plants are deformed and show reduced 
fertility (Lincoln ef a/., 1994). Expression of a construct consisting of the N-
terminus of KNAT3 and the C-terminus of KNAT1 (including the ELK and 
homeodomains) leads to a leaf phenotype that is less severe than the KNAT1 
overexpression phenotype, and where flower development is normal. This 
indicates that KNAT1 specificity is mediated largely by sequences within the 
homeobox and ELK domains, but that sequences N-terminal to these two 
domains (which includes the MEINOX domain) are required for complete 
specificity of the KNAT1 protein. 
In support of this, domain change experiments in tobacco and rice have also 
indicated that the MEINOX domain is required for mediating specificity of these 
proteins (Sakamoto ef a/., 1999, Nagasaki ef a/., 2001). 
The overexpression of three tobacco KNOX genes, NTH15, NTH1, and NTH23 
results in severe, mild and no morphological alterations respectively (Sakamoto 
ef a/., 1999). NTH15 and NTH1 are Class 1 genes, whereas NTH23 is a Class 2 
gene. Domain exchanges between these three proteins revealed that the 
severity of the abnormal phenotype is dependent on the synergistic action of 
both the MEINOX and ELK domains. 
Overexpression of the complete NTH 15 protein gave a severe phenotype. 
Overexpression of NTH1::NTH15 and NTH23::NTH15 gave a mild phenotype, 
indicating that the N-terminus of NTH15 is important in generation of the 
overexpression phenotype. Overexpression of NTH15::NTH1 resulted in a 
severe phenotype. 
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Overexpression of the complete NTH1 protein gave a mild phenotype as did 
overexpression of NTH23::NTH1. Overexpression of the complete NTH23 
protein resulted in a wild type phenotype as did overexpression of 
NTH1::NTH23. Overexpression of NTH15::NTH23 resulted in a mild phenotype. 
Therefore, these results also support the hypothesis that it is the N-terminal of 
the NTH15 protein that is required for induction of the overexpression 
phenotype. 
However, the C-terminal is also required for generation of the complete 
overexpression phenotype as indicated by alterations in phenotypic severity 
when the C-terminal domains are exchanged. For example, overexpression of 
the complete NTH 15 protein has a more severe phenotype than overexpression 
of NTH15::NTH1 and overexpression of NTH1::NTH15 has a more severe 
phenotype than overexpression of the complete NTH1. 
Overexpression of the rice class 1 KNOX protein 0SH15 leads to a multiple 
shoot phenotype in the majority of transgenic plants (Nagasaki ef a/., 2001). 
Overexpression of the 0SH15 protein where domains have been deleted, or 
conserved residues mutated, has allowed further dissection of the roles of the 
various conserved domains in KA/OX protein. 
The MEINOX domain can be divided into two subdomains, KA/0X1 and KN0X2 
(Nagasaki ef a/., 2001). Overexpression of proteins where either the KN0X2 
domain or both of these domains have been deleted does not induce the 
0SH15 overexpression phenotype. Deletion of the KA/0X1 domain alone 
resulted in a mild phenotypic perturbation of the boundary between the leaf 
sheath and blade. This suggests that KN0X1 is important for, and KN0X2 is 
essential for, induction of altered leaf morphology. It has been demonstrated 
that 0SH15 can form homodimers with itself as well as heterodimers with other 
rice KNOX genes (Nagasaki ef a/., 2001). The results presented above 
correlate with yeast two-hybrid results where the mutant proteins that could not 
induce a phenotype were also incapable of homodimerisation. 
In addition, mutation of highly conserved residues in the homeodomain itself 
such as the three amino acid loop extension (PYP) between helices 1 and 2 
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also result in a lack of abnormal phenotype on overexpression of the mutant 
protein. It has been demonstrated that these proteins cannot bind their target 
DNA sequence, and they cannot form homodimers (Nagasaki ef a/., 2001). 
Therefore dimerisation of the 0SH15 protein as well as its interaction with target 
DNA sequences appears to play a role in induction of the mutant phenotype in 
0SH15 overexpressing plants. 
In both the experiments from tobacco and rice, analysis of protein levels 
revealed that these were similar, therefore the phenotypic effects were due to 
differences in the protein domains rather than the expression level of the 
different proteins. 
The yeast two-hybrid system has also been used to demonstrate that the 
Arabidopsis BEL1 protein can selectively heterodimerise with specific KNAT 
homeodomain proteins, and that this interaction is mediated by the MEINOX 
domain of the KNAT proteins (Bellaoui ef a/., 2001). It may be that the 
differences in the severity of altered leaf morphology caused by overexpression 
of these tobacco KNOX proteins is mediated by interactions with different 
accessory proteins, and it is these proteins which determine the phenotypic 
severity. 
Taken together, these results indicate that the function of homeodomain 
proteins is mediated by a number of conserved domains. The ability of 
regulatory proteins to form homo- and heterodimeric interactions may help 
explain why a large number of cell-specific responses can be mediated by a 
relatively small number of proteins. 
1.4.2.3 Control of transcription by KWOX proteins 
The data discussed above indicates some of the possible roles of the 
conserved domains in the KNOX family of proteins. The induction of abnormal 
leaf development appears to be controlled by a number of factors such as DNA 
binding and homo- and heterodimerisation of KNOX and other TALE family 
proteins. 
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Expression of the complete 0SH15 protein in yeast one-hybrid experiments 
reveals that this protein interacts with a specific DNA sequence (TGTCAC) to 
transactivate a LacZ reporter gene. Removal of either the KNOX^ or the ELK 
domain result in an increase in transactivational activity of the rice 0SH15 
protein in yeast one-hybrid assays (Nagasaki ef a/., 2001), indicating that these 
domains play a role in suppression of transactivating activity of the protein. 
Removal of the complete MEINOX domain (i.e. removal of KNOXI and KN0X2 
domains) gives a transactivation level similar to that of the complete protein. 
Therefore, it appears that the 0SH15 protein may be able to function both as a 
transcriptional activator and repressor, depending on its cellular context. This 
dual function has been reported in animal systems, where a complex between 
the TALE superfamily member PBX1 and the H0X1 typical homeodomain 
proteins can be converted from a transcriptional repressor to an transcriptional 
activator by association with corepressors or coactivators (Saleh ef a/., 2000). 
In support of the role of class 1 KNOX genes in transcriptional repression, 
overexpression of the tobacco NTH15 gene leads to a decrease in the 
expression of the gibberellin biosynthesis gene GA 20-oxidase which catalyses 
the final steps in GAi biosynthesis (section 1.2.4.1 and Tanaka-Ueguchi ef a/., 
1998). As expected, there is a corresponding decrease in the amount of 
bioactive gibberellin GAi. The leaf phenotype can be largely rescued by 
application of GAi , which is consistent with the major effect on phenotype being 
caused by downregulation of the GA 20-oxidase enzyme, rather than an 
inability to respond to GA. 
The expression patterns of these two genes are exclusive, with GA 20-oxidase 
expression in leaf primordia and cells surrounding the procambium, and NTH15 
expression in the procambium as well as the tunica and corpus of the meristem. 
Therefore, these expression patterns support the antagonistic functions of these 
two genes. 
Subsequently, it has been shown that the NTH15 protein (Sakamoto ef a/., 2001) 
directly suppresses GA 20-oxidase expression in the shoot apical meristem. 
The inducible glucocorticoid receptor (GR) system was used to examine the 
effect of NTH15 gene overexpression in transgenic plants. Induction of NTH15 
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expression by the addition of dexamethazone (DEX) caused a decrease in the 
expression of GA 20-oxidase mRNA and a corresponding decrease in the level 
of GAi. Inhibition of protein synthesis by cycloheximide (CHX) still allowed a 
decrease in GA 20-oxidase mRNA, indicating that the NTH 15 protein interacts 
directly with its target gene rather than by initiating production of another 
regulatory protein. A sequence that binds NTH 15 has been identified in a GA 
20-oxidase intron sequence. 
A set of similar experiments has also been carried out in Arabidopsis (Hay ef a/., 
2002). Again, plants carrying an inducible fusion between Kn1 and a 
glucocorticoid receptor (35S::KN1-GR) exhibit the lobed leaf phenotype typically 
of KNOX gene overexpression on induction with DEX. Induction with DEX and 
GA suppresses this phenotype and indicates that Kn1 misexpression represses 
GA biosynthesis rather than GA signalling. In addition, misexpression of KNOX 
protein in 35S::KNAT1 and 35S::KN1-GR plants led to a decrease in the 
amount of AtGA20ox1 mRNA. The AtGA20ox1 gene encodes a GA 20-oxidase 
that is responsible for the final steps in GA biosynthesis. Repression of 
transcription occurs within 30 minutes of induction of the 35S::KN1-GR plants, 
indicating that repression of GA synthesis is an early response. These results 
are therefore in agreement with those presented for tobacco above. 
1.4.2.4 Intercellular trafficking of K/VOX transcripts and protein 
It has been reported that although the expression pattern of Kn1 mRNA is 
similar to that of Kn1 protein i.e. expressed in the shoot apical meristem but not 
in developing leaves, the Kn1 protein is detected in all layers of the meristem 
whereas the Kn1 mRNA is not (Jackson ef a/., 1996). This suggests that Kn1 
can move from cell to cell. 
A series of experiments where the Kn1 transcript or the Kn1 protein were 
labelled (with the nucleotide-specific probe TOTO-1 or with fluorescein 
isothiocyanate, FITC, respectively) demonstrated that the Kn1 transcript and 
protein is trafficked through plasmodesmata in tobacco leaf mesophyll cells 
(Lucas ef a/., 1995). Subsequently, further work has indicated that a Kn1::GFP 
fusion protein can be specifically trafficked between leaf cells as well as 
between cells in the SAM of Arabidopsis (Kim ef a/., 2002). The trafficked 
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Kn1::GFP fusion also localised to the nucleus, indicating that this trafficking may 
be functionally significant. The presence of a phenotype similar to that obtained 
when other KNOX genes are overexpressed in Arabidopsis also indicated that 
this fusion was biologically active. 
1.4.2.5 KA/OX genes are required to maintain the shoot apical meristem 
As mentioned in the sections above, KNOX class 1 genes appear to play a role 
in the maintainance of the SAM. This has been demonstrated in Arabidopsis by 
the formation of lobed leaves and ectopic meristems when KNAT1 and KNAT2 
are misexpressed (Chuck ef a/., 1996, Pautot ef a/., 2001) and the failure of 
shoot apical meristem formation when STM activity is abolished (Barton and 
Poethig, 1993). 
As well as expression in the SAM, KNAT1 and STM are also expressed in the 
stem of the plant. Expression of ST/W in the stem is absent from cells around 
the vascular strands (Long ef a/., 1996). KNAT1 is expressed in cells that are 
adjacent to the developing vasculature in the stem (Lincoln eta!., 1994). 
The brevipedicellus {bp) mutant phenotype has recently been shown to be a 
disruption in the KNAT1 gene (Venglat ef a/., 2002). The pedicels and 
internodes in bp plants are compacted due to the occurrence of fewer cell 
divisions than in wild type plants, and defects are seen in cortical and epidermal 
cell elongation and differentiation. The effect of the bp mutation is asymmetric, 
with cell differentiation, elongation and growth being affected more on the 
abaxial side of the pedicel, leading to downward-pointing flowers. Hence, the bp 
mutant is characterised by compacted inflorescence architecture and 
downward-pointing flowers. 
The Arabidopsis SAM consists of three zones (Figure 1.4.2.5a). Cells are 
recruited from the peripheral zone (PZ) to produce lateral organs and the outer 
layers of the stem and from the rib zone (RZ) to produce the stem. The central 
zone acts as a reservoir of stems cells which replenishes the peripheral and rib 
zones, as well as maintaining its own integrity. The CZ can then be subdivided 
into several clonally distinct layers. The outermost epidermal layer (LI) and the 
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Figure 1.4.2.5a Organisation of the Arabidopsis shoot 
apical meristem (SAM) 
From Bowman and Eshed, 2000 
Panel (a) shows the division of the meristem into the central 
zone (CZ), the peripheral zone (PZ) and the rib zone (RZ). 
Panel (b) shows the three layers which make up the SAM. 
Single layers of cells form the LI and L2 layers which cover 
the inner L3 layer. 
subepidermal layer (L2) are collectively referred to as the tunica. Cells on the 
inside of L2 form the corpus (L3) (Bowman and Eshed, 2000). 
STM and KNAT1/2 are expressed in different areas of the SAM. STM mRNA is 
detected throughout the meristem in the central, peripheral and rib zones (Long 
et a/., 1996) and is downregulated in the cells that will produce the next leaf 
(Hake and Oh, 2002). KNAT1 is expressed in the peripheral and rib zones but 
not in the central zone (Lincoln et a/., 1994). Expression of KNAT1 is seen in 
two stripes in the peripheral zone, and appears to mark the boundary between 
the cells of the mer is tem, and the cells which will form the next leaves (Hake 
and Ori, 2002). It has been hypothesised that STM is required for formation of 
the SAM and the maintainance of a pool of s tem cells, whereas KNAT1 is 
involved in maintaining cells of the meristem in an undifferentiated state. In 
addit ion, KNAT1 appears to play a role in controll ing organ initiation as plants 
overexpressing KNAT1 show defects in spiral phyllotaxy (Ori et a/., 2000). 
Based on its similar expression pattern in the shoot apex (Dockx et a/., 1995) 
and overexpression phenotype (Pautot et a/., 2001) , it appears likely that 
KNAT2 plays a similar role to KNAT1. There does appear to be some functional 
redundancy between KNAT1 and another gene(s) in the vegetat ive SAM as the 
bp mutation does not lead to any defects in plant development until the 
transition from the vegetat ive to the reproductive stage (Venglat et a/., 2002), 
indicating that the vegetat ive S A M is fully funct ional. It has also been reported 
that KNAT2 knockout plants do not have a phenotype (O. Hamant, personal 
communicat ion). The product ion of knat1/knat2 double mutants may help to 
define the role of these genes in SAM maintainance. 
In addit ion, STM and KNAT1 are expressed during development of the floral 
organs (Lincoln etal., 1994, Long etal., 1996). For example, bp mutants display 
defects in cell differentiation and radial growth of the style (Venglat etal., 2002), 
which is consistent with expression of KNAT1 in the fourth whorl during f lower 
development in wild type plants (Lincoln et a/., 1994). KNAT2 has also been 
implicated in carpel development (Pautot etal., 2001) . 
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A number of other proteins that are involved in the same pathways as the 
KNOX genes in the shoot apical meristem have been discovered in the last few 
years, and these are allowing the role of KNOX genes in meristem 
maintainance to be elucidated. 
The asymmetric leavesi and asymmetric Ieaves2 {as1 and as2) mutants are 
characterised by rumpled rosette leaves that may also exhibit occasional lobes 
near the leaf base (Byrne ef a/., 2000; Oh et a/., 2000) . The as1/as2 double 
mutant phenotype is the same as the as2 single mutant, indicating that as2 is 
epistatic. This indicates that these two genes act In a common pathway. AS1 
encodes a myb transcript ion factor and is expressed in lateral organ primordia 
(Byrne et a/., 2000). >AS2 encodes a member of a novel protein family which is 
characterised by cysteine repeats and a leucine zipper ( Iwakawa ef a/., 2002) 
and is expressed in high levels in the shoot apex as well as in various 
vegetative t issues such as leaves. 
Analysis of asllstm double mutants (Byrne ef a/., 2000) has revealed that as1 
suppresses the s fm mutat ion, and double mutants have an as7 phenotype. In 
addit ion, in stm embryos, AS1 is expressed in a wider domain than in wild type 
plants. These results indicate that STM normally funct ions to prevent AS1 
expression in the S A M . >AS2 is also negatively regulated by S T M and may 
interact with AS1 (Byrne ef a/., 2002). 
In order to identify genes which negatively regulate KNOX gene expression, 
mutants that show phenotypes similar to 35S: :KNAT1 were examined (Oh ef a/., 
2000). In addit ion to the as1 and as2 mutants descr ibed above, the serrate (se) 
mutant was also examined, se has more pronounced serration of the leaves 
than the wild type, and also exhibits phyllotaxy defects in the same way as 
35S::KNAT1 plants (Ori ef a/., 2000, Clarke ef a/., 1999). The inability to f ind 
single mutants which phenocopy 35S::KNAT1 plants completely Indicates that 
multiple factors control homeobox gene expression and funct ion. In support of 
this, the generat ion of asUse and as2/se double mutants causes a deeply lobed 
phenotype which is similar to that of 35S: :KNAT1 (Ori ef a/., 2000). 
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pKNAT1: :GUS and pKNAT2: :GUS promoter fusions have been used to 
examine the expression of KNAT1 and KNAT2 in t l iese mutant backgrounds 
(Ori et a/., 2000). pKNAT1: :GUS is expressed in the leaves of as^ and as2 
mutants, whereas expression is normal in se mutants. pKNAT1: :GUS is also 
expressed in the leaves of asVse and as2/se double mutants. pKNAT2: :GUS is 
expressed in a similar pattern to pKNAT1: :GUS in these backgrounds. 
In situ hybridisation also revealed that KNAT1 m R N A in the SAM was 
expressed in a similar pattern in wild type plants and in all of these mutant 
backgrounds. This suggests that AS1 and >AS2 are not required for down-
regulation of KNAT1 during leaf initiation (or are redundant), but are required for 
keeping KNAT1 gene expression off in leaves after initiation (Ori etal., 2000). 
The PICKLE (PKL) gene (section 1.2.4.2) is a chromatin remodell ing factor 
which has been implicated in restricting the expression of meristematic genes. 
The apical parts of pkl mutants are similar to that of wild type plants, although 
they are slow growing and organ differentiation is delayed (Eshed et a/., 1999). 
asllpkl and as2/pkl mutants are similar to as/se double mutants and 
35S::KNAT1 plants. The expression pattern of pKNAT1: :GUS in pkl mutants 
was identical to that in a wild type background, whereas pKNAT1: :GUS 
expression in asllpkl was similar to that in asllse. Similar results were obtained 
using the pKNAT2: :GUS reporter. 
The se and pkl mutat ions enhance the as mutant phenotype, but cannot cause 
KNAT1 or KNAT2 misexpression on their own. It has been proposed that SE 
negatively regulates downstream targets of KNOX genes which may explain 
why the se mutat ion enhances the as phenotype (Ori et a/., 2000). SE encodes 
a transcription factor that is a member of a family that regulates gene activity by 
the modif ication of chromatin structure, and it may therefore function to keep 
genes in an inactive state (Prigge and Wagner, 2001) . 
As ment ioned above, one of the consequences of KNOX gene expression in the 
SAM is the downregulat ion of genes involved in GA biosynthesis. It has recently 
been reported that the 35S::KNAT1 phenotype is reduced in plants which are 
also homozygous for the spindly (spy) mutation which confers constitutive GA 
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signall ing (section 1.2.4.2 and Hay et a/., 2002). Therefore, exogenous GA and 
elevated GA signalling suppress the effects of KNOX misexpression because 
KNOX cannot downregulate GA synthesis in areas where it is required such as 
the leaves under these ci rcumstances. As mentioned above, the AS1 locus 
encodes a transcription factor that negatively regulates KNAT1 and KNAT2. 
Blocking GA signall ing leads to further enhancement of the as7 mutat ion. These 
f indings are consistent with the hypothesis that repression of GA biosynthesis is 
instrumental to KNOX gene funct ion. 
Misexpression of KA/OX protein in 35S: :KNAT1 and 35S: :KN1-GR plants lead to 
a decrease in the amount of AtGA20ox1 mRNA (Hay et a/., 2002). The 
AtGA20ox1 transcript is also reduced in both as1 and pkl mutants. The 
reduction seen in as1 mutants suggests that repression of AtGA20ox1 in the 
leaf is caused by misexpression of KNOX genes. Al though pkl mutants do not 
show misexpression of KNOX genes in the leaf, pkl does enhance the as1 
phenotype. The reduction of AtGA20ox1 in pkl therefore suggests that PKL 
normally acts to promote expression AtGA20ox1 and GA synthesis. Therefore it 
appears that control of GA biosynthesis represents a point of convergence 
between KNOX and PKL proteins in the control of meristem activity. It is 
possible that PKL acts in a similar way to SE (Ori ef a/., 2000). 
The weak stm-2 allele, which does not form an embryonic S A M but can form a 
shoot postembryonical ly, is enhanced by constitutive GA signall ing conferred by 
a spy mutant background (Hay ef a/., 2002). This indicates that constitutive GA 
signall ing is detrimental to meristem funct ion. This is consistent with the 
proposed role of GA in promot ing, and KNOX genes in repressing, cellular 
differentiation. In the stm mutant, AtGA20ox1 is expressed in the shoot apex, a 
region f rom where it is normally exc luded. 
It is also likely that other hormones are involved in the KNOX gene pathways in 
Arabidopsis. Isolation of mutant Arabidopsis lines which can grow in vitro as 
callus and produce shoots without exogenous hormones have increased levels 
of KNAT1 and ST/W transcripts (Frank et a/., 2000). 
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Arabidopsis plants that express the cytokinin-synthesising gene ipt f rom 
Agrobacterium tumefaciens show a phenotype that is characterised by serrated 
leaf margins and a decrease in apical dominance (as determined by the release 
of axilliary buds f rom dormancy) as well as increased steady state mRNA levels 
of STM and KNAT1 (Rupp et a/., 1999). This indicates that cytokinin 
upregulates KNAT1 and STM. 
Alternatively, it has been proposed that KNOX genes upregulate levels of 
cytokinin (Hay et a/., 2002) . For example, ectopic expression of Kn1 in 
transgenic tobacco leads to an increase in cytokinin levels (Ori et a/., 1999) and 
overexpression of KNAT1 leads to accumulat ion of cytokinin in lettuce (Frugis ef 
a/., 2001). 
ROUGH SHEATH2 is the maize homologue of the Arabidopsis KNOX negative 
regulator AS1 (T immermans ef a/., 1999). It has been shown that rs2 mutants 
have decreased polar auxin transport in the shoot (Tsiantis ef a/., 1999). 
However, al though germinat ion of wild-type maize seedl ings on auxin transport 
inhibitors mimics some aspects of the rs2 mutant phenotype, this phenotype is 
not correlated with ectopic KNOX protein accumulat ion. Therefore, it appears 
that changes in auxin homeostasis do not alter KA/OX gene expression, but that 
genes involved in auxin funct ion may be among the KNOX gene targets. 
Alternatively, the link between ectopic KNOX gene expression in the rs2 
background and alterations in auxin transport may be indirect. For example, if 
alterations in cellular identity occur as a result of ectopic KNOX gene 
expression, this may disrupt normal auxin transport and cause a reducation in 
polar auxin transport as a secondary effect. 
1.4.3 Summary 
The KNOX family of homeobox genes form part of the TALE superfamily that is 
characterised by an atypical homeodomain and is conserved between plants 
and animals. The KA/OX genes can be divided into two subfamil ies, C lass i and 
Class 2, based on their sequences and functions in the plant. The Class 1 
genes are involved in the maintenance of meristematic t issues in an 
undifferentiated form in the plant. The function of Class 2 genes has not been 
so well characterised as the Class 1 genes, but based on their wide expression 
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pattern in diverse plant organs it seems that they may have more general 
functions in plant development. 
There are a number of conserved domains in class 1 proteins that act in concert 
to allow the function of the protein. It is thought that these proteins act as homo-
or heterodimers, and that they may interact with a variety of corepressors or 
coactivators in a ceil type-specif ic manner to exert a variety of different effects. 
These proteins are also traff icked between different cell types. This may allow 
them to elicit a response in cell types other than where they are transcribed. 
Finally, several other genes that are involved in KNOX pathways have recently 
been identified including AS1 and >AS2 that negatively regulate KNAT1 and 
KNAT2 as well as several chromatin remodell ing factors ( S £ and PKL). The S E 
and PKL gene products do not interact directly with KNOX genes, but they 
affect the transcription of the downstream targets of KNOX genes. 
1.5 A i m s and object ives 
It is well known that KNOX homeobox genes are expressed in the shoot apical 
meristem of plants including Arabidopsis, and that they play a role in regulation 
of SAM activity. The shoot and the root systems differ in the way in which lateral 
organs are initiated. Lateral organs in the shoot (such as leaves) arise directly 
f rom the SAM, whereas the lateral organs of the root (namely the lateral roots) 
arise by de novo meristem format ion. However, despite this di f ference it 
originally hypothesised that KNOX genes may play roles similar to those in the 
shoot in the initiation and/or maintenance of the root system meristems. Roles 
for KNOX genes in the root could involve regulation of either the primary root 
mer istem or the lateral root mer istems, al though no genes with these functions 
had been identified at the t ime. 
The aim of the project was to isolate a novel KNOX gene that was expressed in 
the Arabidopsis thaliana root using a PGR based strategy. Following isolation, 
the sequence of the gene was character ised, as well as its expression pattern 
and funct ion. 
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Chapter 2 Materials and Methods 
Described in this chapter are the materials and methods that were used to 
obtain the results described in the fol lowing chapters. 
2.1 Materials 
2.1.1 C h e m i c a l s 
The chemicals used for this research were obtained f rom Sigma Chemical 
Company Ltd. (Poole, UK), Fisher Scientific (Loughborough, UK), ICN 
Pharmaceut icals Ltd (Basingstoke, UK), Merck Ltd. (Poole, UK), Fisons 
Scientif ic Equipment (Loughborough, UK), Promega (Southampton, UK) or Bio-
Rad Laboratories (Hemel Hempstead, UK) unless othenwise stated. 
Ol igodeoxynucleot ide primers used in PCR reactions were obtained from M W G -
Biotech (Ebersberg, Germany) . X-Gluc and IPTG were from Melford 
Laboratories (Suffolk, UK). X-Gal was f rom Bioline (London, UK). The sequence 
of all ol igodeoxynucleot ide primers that were used in this work are given in 
Appendix 1. 
2.1.2 Rad iochemica ls 
Radiolabelled nucleotides were obtained from ICN Pharmaceut icals Ltd. [^^P]a-
dCTP was supplied at a concentrat ion of 10 mCi/mL and a specif ic activity of 
3000 Ci /mmol . 
2.1.3 E n z y m e s 
Restriction endonucleases, T4 DNA ligase, RQ1 RNase-free DNase, AMV 
reverse transcriptase, M-MLV reverse transcriptase, terminal transferase, 
RNasin r ibonuclease Inhibitor and polynucleotide kinase were obtained from 
Promega Ltd (Southampton, UK). Taq DNA polymerase was f rom Bioline. The 
Expand™ High Fidelity PCR system was from Roche Diagnost ics (Mannheim, 
Germany) . Shr imp alkaline phosphatase was obtained f rom Sigma Chemical 
Company Ltd, Poole, UK. TaKaRa EX-Taq polymerase was obtained from Blo-
Whlt taker UK Ltd (Wokingham, Berks, UK). 
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2.1.4 Kits 
The PolyATract® mRNA isolation system and the Access RT-PCR System 
were f rom Promega Ltd (Southampton, UK). The High Pure PGR Clean-Up kit 
was f rom Roche Diagnostics (Mannheim, Germany). The Prime-It® II random 
primer labelling kit was from Stratagene Ltd (La Jolla, California, USA). The 
Topo-TA cloning kit and the GATEWAY™ Cloning System kits were from 
Invitrogen (Paisley, UK). The RNeasy Plant RNA extraction kit, Plasmid Midi kit 
and QIAquick® Gel Extraction kit were f rom Qiagen Ltd. (Surrey, UK). The 
Phytopure plant DNA extraction kit was f rom Nucleon Biosciences (Lanarkshire, 
UK). The GenElute™ Plasmid Mini prep kit was from Sigma (Poole, UK). 
2.1.5 Bacterial s t ra ins 
The E. CO//stra ins used were X L I - b l u e MRF' (Jerpseth, 1992), TOP10 (Grant et 
a/., 1990) and DB3.1 (Bernard et a/., 1993). XL I -b lue MRF' was used to 
prepare competent cells and as a plasmid host. The TOP 10 strain was a host 
for p C R ® 2 . 1 - T 0 P 0 . DB3.1 cells are used for the propagation of GATEWAY™ 
Entry and Destination Vectors that carry the cyctotoxic ccdB gene. Cultures 
were grown in LB liquid or on LB plates (section 2.1.7) at a temperature of 37°C. 
Agrobacterium tumefaciens C58C3 (Dale et a/., 1989) was used for plant 
transformations. This strain has been disabled so that it does not cause crown-
gall disease but still has the virulence factors required for T-DNA transfer and 
insertion into the plant genomic DNA. C58C3 has a streptomycin resistance 
marker located chromosomal ly al lowing selection with the presence of 100 
|ag/mL streptomycin. The virulence helper plasmid confers nalidixic acid 
resistance allowing selection with 20 i^g/mL nalidixic acid. Cultures were grown 
in LB liquid or on LB plates (section 2.1.7) at a temperature of 28-30°C. 
For long-term storage of bacterial strains, glycerol stocks were made by adding 
0.5 mL of an overnight liquid culture to 0.5 mL of steril ized 5 0 % v/v glycerol and 
storing at -20°C (E. coll) or snap freezing in liquid nitrogen and storing at -80°C 
{A. tumefaciens). 
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2.1.6 P lasmids 
The fol lowing plasmids were used during this project: pCR®2.1 TOPO 
(Invitrogen, Paisley, UK), pUC19 (Yanish-Perron ef a/., 1985), pGUS-1 (Topping 
ef a/., 1991), pDH51 (Pietrzak ef a/., 1986), pRNAi and p35S:: fusion-GFP 
(kindly donated by Dr S. Casson, University of Durham, UK), pKar6-GFP (kindly 
donated by Dr P. Gallois, University of Manchester, UK), pCR®2.1::STM (kindly 
provided by Dr P. Chilley, University of Durham, UK), pCR®2.1::ACT (kindly 
provided by Dr J. Topping, University of Durham, UK) and pCIRCE (a derivative 
of pBIN19, (Bevan, 1984)). 
In addit ion, the fol lowing G ATEWAY™ compatible vectors were used: pENTR3c 
and pDONR207 (Invitrogen, Paisley, UK), pGAT4 (kindly donated by Dr T. 
Ketelaar, University of Durham, UK) and pBinAGRFAN (kindly donated by Dr R. 
Anthony, Royal Holloway, University of London, UK). 
pCR 2.1 T O P O is used for cloning DNA fragments generated by PCR. pDH51 
contains the CaMV 35S promoter and terminator and was used to produce 
overexpressor and antisense constructs. pGUS-1 was used in the construction 
of promoter-GUS constructs and contains the p-Glucuronidase gene fol lowed 
by the NOS terminator. pRNAi was used in the production of RNAi constructs 
and contains the CaMV 35S promoter and terminator as well as an ampici l l in-
based hinge region. p35S:: fusion-GFP was used in the production of a C 
terminal KNAT6-GFP fusion and contains the CaMV 35S promoter and 
terminator as well as smGFP (Davis and Vierstra, 1998). pKar6-GFP contains 
EGFP with a translational enhancer, a signal peptide to allow entry to the ER 
and a KDEL sequence for ER retention and was used as a PCR template. 
pCR®2.1::STM contains the homeobox region from the Arabidopsis homeobox 
gene SHOOTMERISTEMLESS {STM) and was also used as a template for 
PCR. pCIRCE is a wide host range binary cloning vector for Agrobacterium -
mediated gene transfer into plant cells. 
pENTR3c was used to make a GATEWAY™ compatible entry vector by 
restriction endonuclease digestion and ligation. pGAT4 Is a destination vector 
and was used to make an intermediate expression clone by reaction with 
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pENTRSc. pDONR207 is a donor vector which was used in conjunction with 
pGAT4 to make an intermediate entry clone which was suitable for reaction with 
pB inAGRFAN. pBinAGRFAN is a wide host range binary cloning vector for 
Agrobacterium - mediated gene transfer into plant cells which allows alcohol 
inducible expression of a protein::GFP fusion. 
All p lasmid maps are shown in Appendix 2. 
2.1.7 Bacterial culture media 
All bacterial culture media were steril ized by autoclaving at 121°C for 20 
minutes. 
• LB: 10 g/L bacto-tryptone, 5 g/L bacto-yeast extract, 5g/l NaCI. 
» LB agar: prepared by adding 15 g bacto-agar to one litre of LB prior to 
autoclaving. 
2.1.8 Plant material 
Wild type Arabidopsis thaliana var. Columbia (Col-0), C24 and Wassi lewski ja 
(Ws) were obtained from Lehle Seeds, Texas, USA. 
In addit ion, a number of Arabidopsis mutants were used in crossing 
exper iments: hydral (Topping etal., 1997), hydra2 (Souter and Lindsey, 2000), 
fass (Torres-Ruiz and Jurgens, 1994), aux1-100 (Bennett ef a/., 1996), alf3.1 
(Celenza et a/., 1995), roofy (King ef a/., 1995), Iax3, (Parry et a/., 2001) 
woodenleg and gollum (Scheres ef a/., 1995), bodenlos (Hamann ef a/., 1999) 
and monopteros (Berleth and Jurgens, 1993). 
2.1.9 Plant culture media 
/4MS10: Half strength Murashige and Skoog medium (Sigma M5519), 10 g/L 
sucrose, pH 5.7 adjusted with 1 M KOH, 8 g/L agar (hard set) or 6 g/L agar (soft 
set), autoclaved at 121°C for 20 minutes. If required, filter steril ised antibiotic or 
plant growth regulator solut ions were added to the autoclaved medium after it 
had been cooled to 50°C. 
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2.1.10 Plant growth regulators 
The fol lowing plant growth regulators were used in this study. All stocks were 
made up fresh and filter steril ised using 0.2 |xm pore Acrodiscs™ (Gelman, 
Northampton, UK) before addit ion to plant growth medium. 
• ACC (1-aminocylopropane-1-carboxyl ic acid, S igma): ethylene precursor. 
A lOOOx stock was prepared in distilled water. 
• BAP (6-Benzylaminopurine, Sigma): cytokinin analogue. A lOOOx stock 
was prepared by dissolving in a small vo lume of dilute HCI before making 
up to volume with distil led water. 
• 1-NAA (a-naphthalene-acet ic acid, Sigma): auxin analogue that enters 
cell by dif fusion. A lOOOx stock was prepared in 7 0 % v/v ethanol. 
• NPA (1-N-naphthylphthalamic acid. Greyhound Chromatography and 
All ied Chemicals, Birkenhead, UK): auxin transport inhibitor that inhibits 
the efflux carrier. A lOOOx stock was prepared in 7 0 % v/v ethanol. 
• TIBA (2,3,5-tri iodobenzoic acid, Sigma): auxin transport inhibitor that 
inhibits the efflux carrier. A lOOOx stock was prepared in 5 0 % v/v DMSO. 
2.1.11 Antibiotics 
The fol lowing antibiotics were used in this study. Antibiotics were dissolved in 
distilled water and filter steril ised using 0.2 [im pore Acrodiscs™ (Gelman, 
Northampton, UK) before addit ion to plant or bacterial growth media. 
• Kanamycin sulphate (Sigma): made as lOOOx stock and stored -20°C. 
Used for selection of t ransformed plants and for selection of bacterial 
plasmids. 
• Augment in (Beecham Research, UK): made fresh as lOOOx stock. Used 
for removal of Agrobacterium tumefaciens after transformation 
• Streptomycin sulphate (Sigma): made as lOOOx stock and stored -20°C. 
Used for selection of bacterial plasmids. 
• Nalidixic acid (Sigma): made as lOOOx stock and stored -20°C. Used for 
selection of bacterial plasmids. 
• Methicil l in (Sigma): made as lOOOx stock and stored -20°C. Used for 
selection of bacterial plasmids. 
o Ampici l l in (Sigma): made as lOOOx stock and stored -20°C. Used for 
selection of bacterial plasmids. 
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2.2 Plant growth, transformation and c r o s s i n g 
2.2.1 S e e d steril isation and t issue culture 
Arabidopsis seeds were surface sterilised by treatment with 7 0 % v/v ethanol for 
1-2 minutes fol lowed by 2 0 % v/v hypochlor i te/0.05% v/v Tween 20 for 20 
minutes then washed in sterile distilled water three t imes. Following seed 
transfer to sterile media, Petri d ishes were sealed with micropore tape 
(Industricare Ltd., Shepshed, UK) and vernal ised in the dark at 4°C for seven 
days. The plates were then transferred to a growth room with condit ions 
consist ing of a 16 hour photoperiod (150 pmol m"^ s'^ PAR) with a temperature 
of 22°C in the light and 16°C in the dark. 
For root growth assays and GUS histochemical staining, plants were transferred 
to sterile media in square Petri dishes 3-5 days after germinat ion and grown 
vertically. Roots were examined while on the plates using an Olympus SZH10 
research stereo microscope (Olympus Optical Company UK Ltd, London, UK), 
numbers of laterals were counted and lengths were measured using a graph 
paper "ruler". 
2.2.2. Plant growth in soi l 
Plants in soil were grown in Levingtons mult ipurpose compost mixed 6:1 with 
silver sand (soil and sand f rom Klondyke Garden Centre, Chester-Le-Street, 
UK). If seeds were sown, the sand and soil mixture was autoclaved at 121 °C for 
20 minutes before use. Prior to use, soil was treated with the insecticide 
Intercept (Levington Horticulture Ltd., UK) at a concentrat ion of 64 mg per 24 
well seed tray. Greenhouse and environment room condit ions consisted of 150 
pmol m"^ s"^ PAR over a 16 hour photoperiod, light temperature 22°C and dark 
temperature l e ' C . In the greenhouse, Aracons (Betatech, Belgium) were used 
to facil itate seed collection. 
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2.2.3 Introduction of binary vectors into Agrobacterium tumefaciens by 
electroporation 
Solut ions and media 
• 1 mM HEPES/KOH, pH 7.0, filter steril ised 
• 2 0 % v/v glycerol, filter steril ised 
• liquid LB 
• LB selective plates 
Method 
A. tumefaciens strain C58C3 was used for the preparation of electrocompetent 
cells. A single colony of C58C3 f rom a fresh LB selective plate was inoculated 
into 5 mL of selective LB media and grown for 48 hours with shaking. I/IOOO"" 
vo lume of this culture was then used to inoculate 200 mL of selective LB 
medium that was grown for 16 hours with shaking. The culture was then 
pelleted at 3,700xg for 10 minutes at 4°C. The supernatant was discarded and 
the resulting pellet was resuspended in 1/3 of the initial culture volume of Ice 
cold 1 m M HEPES/KOH before the centrifugation step was repeated. These 
resuspension and centri fugation steps were repeated a further three t imes, 
giving a total of four washes in ice cold HEPES/KOH. After the final 
centr i fugation, the pellet was resuspended in 1/75"^ the initial culture volume of 
ice cold 2 0 % v/v glycerol. The cells were kept on ice throughout the procedure. 
The bacteria were stored as 100 |al al iquots by f lash freezing in liquid nitrogen 
and storing at -80°C. 
For electroporation, a 100 |j,L aliquot of cells was thawed on ice, and pipetted 
into an ice cold electroporation cuvette (0.2 cm electrode gap, Bio-Rad). 2 \iL of 
supercoi led plasmid DNA was added and mixed with a pipette tip. The 
electroporation was carried out using Gene Pulser and Pulser Controller 
apparatus from Bio-Rad (Hercules, CA, USA). The Gene Pulser was set to 2.5 
KV and 25 |xFD and the Pulser Controller to 400 Q. Immediately after 
electroporation, 1 mL of LB medium was added and the cells were transferred 
to an Eppendorf tube. Fol lowing Incubation at 30°C for 5-6 hours with gentle 
shaking, 500 [iL of the cells were spread onto LB plates supplemented with 100 
mg/L streptomycin, 20 mg/L nalidixic acid and 50 mg/L kanamycin sulphate and 
grown for 48 hours at 30°C. Colonies were checked for the correct Insert by 
colony PCR. 
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2.2.4 Arabidopsis transformation: the dipping method 
(Clough and Bent, 1998) 
Solut ions and media 
• 5% w/v sucrose with 0.05% v/v Silwett L-77 (Lehle Seeds, Texas, USA). 
• 14 MS10 soft set {Vi MS10 SS), supplemented with 35 mg/L kanamycin 
sulphate and 200 mg/L augment in (Beecham Research, UK) 
Method 
Arabidopsis thaliana var. Columbia were grown in soil in 3.5" pots (10-15 plants 
per pot) with a plastic mesh placed over the soil. Plants were grown for 3-4 
weeks until they were approximately 10-15 cm tall and displaying a number of 
immature, unopened f lower buds. 2-3 days prior to dipping, open f lowers and 
any young sil iques were removed. Agrobacterium tumefaciens strain C58C3 
was used for all binary vector constructs. The Agrobacterium was grown for 48 
hours at 30°C in 200 mL LB supplemented with 100 mg/L streptomycin, 20 
mg/L nalidixic acid and 50 mg/L kanamycin sulphate. The culture was 
transferred to sterile 50 mL Falcon centrifuge tubes and pelleted by 
centrifugation at 2500xg for 15 minutes at 4°C before being resuspended in 1 
litre of a freshly made solut ion of 5% w/v sucrose with 0 .05% v/v Silwet. Plants 
were then dipped fully into the solution and gently agitated for 10-15 seconds 
before removal. Dipped plants were placed in transparent bags to maintain 
humidity and placed in the greenhouse in a shaded position overnight. A 
second dipping was repeated 7 days after the first. Plants were then al lowed to 
set seed and dry out in the greenhouse. Seed was collected from individual pots 
of plants and al lowed to dry for 2 weeks at room temperature. Seed was surface 
steril ised and germinated on V2MSIO SS supplemented with 35 mg/mL 
kanamycin (to select for transformants) and 200 mg/L augment in (to remove 
Agrobacterium). Kanamycin resistant plants were transferred to soil and seed 
f rom these plants was tested for segregation on selective plates. 
2.2.5 C r o s s i n g 
Arabidopsis plants will self fertil ise if left unattended, therefore it is necessary to 
cross-poll inate by hand if hybrid progeny are required. Homozygous plants were 
used for crossing wherever possible. In the case of seedling lethal mutations 
that show an embryo phenotype, plants were screened to identify heterozygotes. 
In the case of seedling lethal mutations that do not show an embryo phenotype, 
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at least 6 plants were used for crossing to ensure that some progeny carrying 
the mutation were obtained. 
Solut ions 
• 0 . 5 M K O H 
Method 
To screen for an embryo phenotype, mature si l iques were removed from 
putative heterozygous parents and cut open using f ine forceps and a dissecting 
needle. The developing seeds were removed f rom the sil iques and mounted on 
a microscope slide in a drop of 0.5 M KOH. A coversl ip was placed over the 
sample, and the slide was viewed using an Olympus SZH10 research stereo 
microscope (Olympus Optical Company UK Ltd, London, UK). By gently 
applying pressure to the coversl ip, the embryos can be popped out of the 
developing seeds and examined for the mutant phenotype. 
To carry out the cross, the recipient (female) was prepared as fol lows. Large 
buds with no visible petals were chosen. Any open f lowers and developing 
sil iques on the same stem were removed. The stem was taped carefully to the 
Olympus microscope stage using micropore tape (Industricare Ltd., Shepshed, 
UK), and the inf lorescence meristem was removed, along with any buds that 
were too small for crossing. The remaining buds were then opened using 
watchmakers forceps, and the anthers removed. Newly opened f lowers with 
fresh fluffy yellow pollen and no silique f rom the donor (male) were selected. 
The anthers were removed and pollen was dabbed onto the exposed st igma of 
the female recipient. The f lower bud was then closed and the stem labelled with 
a micropore tape tag. A second dusting of pollen was appl ied two days after the 
first. Plants were grown on in the environment room and sil iques with hybrid 
seeds were collected after they had begun to dry out. F1 seeds f rom crosses 
were not surface steril ised but were sown in Petri d ishes of autoclaved Silvaperl 
Perlite (J. Arthur Bowers, Lincoln, UK) moistened with sterile B5 salts (Sigma) 
before being transferred to soil. 
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2.3 Ana lys is of express ion patterns and root morphology 
2.3.1 Examinat ion of root t ips 
Solut ions 
• 5 0 % v/v glycerol 
IVIethod 
14 day old seedl ings were mounted on microscope sl ides in 5 0 % v/v glycerol. 
Whole seedl ings were viewed under an Olympus SZH10 research stereo 
microscope (Olympus Optical Company UK Ltd, London, UK) fitted with an 
Olympus SC35 type 12 camera containing Ektachrome 160 tungsten-balanced 
film (Kodak Ltd, Hemel Hempstead, Herts, UK). The meristem was examined 
on a Zeiss Axioskop microscope (Carl Zeiss Ltd., Welwyn Garden City, Herts, 
UK) fitted with a Nikon FX-35 camera (Nikon UK Ltd, Kingston-upon-Thames, 
Surrey, UK) containing Ektachrome 160 tungsten-balanced f i lm (Kodak Ltd, 
Hemel Hempstead, Herts, UK). 
2.3.2 Histochemical G U S ana lys is 
(Stomp, 1990) 
Solut ions 
• X-Gluc stock: 20 m M X-Gluc (5-Bromo-4-Chloro-3- lndolyl-p-D-
Glucuronide) in N,N-dimethylformamide, stored at -20°C. 
• X-Gluc buffer: 100 m M N a H 2 P 0 4 , 10 m M EDTA, 0 . 1 % v/v Triton X-100, 
0.5 m M potassium ferricyanide (K3[Fe(CN)6]) and 0.5 m M potassium 
ferrocyanide (K4[Fe(CN)6]), pH 7.0. 
• X-Gluc staining solution: prepared by mixing 1 volume of X-Gluc stock 
with 19 volumes of X-Gluc buffer to give a final concentrat ion of 1 m M X-
Gluc. 
Method 
Localisation of GUS enzyme activity was determined by staining seedl ings for 
3-16 hours in 1 m M X-Gluc staining solution at 37°C. Specimens were then 
cleared of chlorophyll using 7 0 % v/v ethanol before being mounted in 5 0 % v/v 
glycerol on microscope slides. Slides were examined on a Leica MZ12 stereo 
microscope (Leica Instruments, Heidelberg, Germany) and photographs were 
taken using Photometr ies COOLSNAP™cf (Roper Scientific Inc, Trenton, New 
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Jersey, USA) colour digital camera using OpenLab3.1.1 software. Slides were 
then sealed with clear nail polish to allow long term storage. 
2.3.3 Paraffin embedding and sect ioning of G U S sta ined s a m p l e s 
Solut ions 
» 9 0 % v/v acetone 
e X-Gluc stock: 20 m M X-Gluc (5-Bromo-4-Chloro-3- lndolyl-p-D-
Glucuronide) in N,N-dimethylformamide, stored at -20°C 
• X-Gluc buffer: 100 m M N a H 2 P 0 4 , 10 m M EDTA, 0 . 1 % v/v Triton X-100, 
0.5 m M potassium ferr icyanide (K3[Fe(CN)6]) and 0.5 mM potassium 
ferrocyanide (K4[Fe(CN)6]) , pH 7.0 
• X-Gluc staining solut ion: prepared by mixing 1 vo lume of X-Gluc stock 
with 19 volumes of X-Gluc buffer to give a f inal concentrat ion of 1 m M X-
Gluc 
• Ethanol series consist ing of 10%, 2 5 % 30%, 5 0 % , 7 0 % 8 0 % and 9 0 % 
v/v ethanol in distil led water 
• Dry ethanol: 9 5 % ethanol stored with Molecular Sieves type 4A (Sigma) 
• Dry ethanol/0.1 % w/v Safranin O (Sigma) 
• 1:1 v/v dry ethanol/xylene 
• 0 .02% w/v Ruthenium Red (Sigma) in distilled water 
Method 
Whole seedlings were f ixed on ice in 9 0 % v/v acetone for 15-20 minutes in 7 
mL snap top vials (Laboratory Sales UK Ltd., Rochdale, UK) and then rinsed 
once in GUS buffer before incubation in X-gluc staining solution for 16 hours at 
37°C. Samples were then dehydrated in an ethanol series consisting of 1 hour 
in each of the fol lowing solut ions in this order: 10% v/v ethanol, 3 0 % v/v 
ethanol , 5 0 % v/v ethanol , 7 0 % v/v ethanol. The 7 0 % v/v ethanol was then 
replaced with 9 0 % v/v ethanol and the samples left overnight. Samples were 
then stained for 2 hours in dry ethanol/0.1 % w/v Safranin O to allow the 
samples to be visualised in the embedding medium before being destained 
overnight in dry ethanol. Two further 1 hour dry ethanol washes were then 
carried out to ensure all the excess Safranin O had been removed. After 
dehydrat ion, samples were cleared by incubation for 1 hour in 1:1 v/v dry 
ethanol/xylene fol lowed by three 1 hour incubations with xylene only. Whi le 
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these incubations were being performed, paraplast embedding medium (Sigma) 
was melted In an oven at 50°C. Next, the samples were incubated at 50°C in 
1:1 v/v xy lene/embedding medium for 3 hours before this solution was replaced 
with embedding medium only and incubated overnight at 50°C. Two further 3 
hour incubations in embedding medium at 50°C were then carried out. Samples 
were then oriented in embedding medium in Peelaway Disposable Embedding 
Moulds (Agar Scientif ic, Stansted, UK). 
The embedding medium was then al lowed to cool and set, before the 
embedding mould was peeled off. As the samples had been stained with 
Safranin O before embedding, they could be visual ised to al low the embedding 
medium to be t r immed. The samples were then mounted onto wooden blocks 
before 10 micron sections were cut using a Leitz microtome fitted with 
disposable metal blades. The sections were then placed onto microscope slides 
which had been prepared by applying a thin layer of albumin and a drop of 
water. The sl ides were placed on a hot plate at 45°C and left overnight. 
Sections were then deparaff inised by carrying out three 1 minute washes in 
xylene and before being rehydrated in an ethanol series consisting of 1 minute 
in each of the fol lowing solut ions in this order: absolute ethanol (x2), 9 5 % v/v 
ethanol, 8 0 % v/v ethanol , 7 0 % v/v ethanol , 5 0 % v/v ethanol , 2 5 % v/v ethanol 
and finally distil led water. The sections were then counterstained by immersion 
in 0.02% w/v Ruthenium Red (Sigma) solution for 10 minutes before being 
rinsed in distil led water and then mounted in glycerol. 
The slides were then v iewed using a Zeiss Axioskop microscope (Carl Zeiss 
Ltd., Welwyn Garden City, Herts, UK) and photographs were taken using 
Photometries COOLSNAP™cf colour digital camera (Roper Scientific Inc, 
Trenton, New Jersey, USA) using OpenLab3.1.1 software. Slides were sealed 
with clear nail polish to allow long term storage. 
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2.3.4 Historesin embedding and sect ioning of G U S stained s a m p l e s 
Solut ions 
• X-Gluc stock: 20 m M X-Gluc (5-Bromo-4-Chloro-3- lndolyl-p-D-
Glucuronide) in N,N-dimethylformamide, stored at -20°C 
. X-Gluc buffer: 100 m M N a H 2 P 0 4 , 10 m M EDTA, 0 . 1 % v/v Triton X-100, 
0.5 mM potassium ferricyanide (K3[Fe(CN)6]) and 0.5 mM potassium 
ferrocyanide (K4[Fe(CN)6]) , pH 7.0 
• X-Gluc staining solut ion: prepared by mixing 1 volume of X-Gluc stock 
with 19 vo lumes of X-Gluc buffer to give a final concentrat ion of 1 m M X-
Gluc 
• Fixative solut ion: 1.5% w/v glutaraldehyde, 0 .3% w/v paraformaldehyde 
in 25 m M PIPES 
• Ethanol series consist ing of 10%, 30%, 50%, 7 0 % and 9 0 % v/v ethanol 
in distilled water 
• Historesin Embedding kit (Leica Instruments, Heidelberg, Germany) 
• DPX mount ing medium (Sigma, UK) 
Method 
Whole seedlings were stained in X-Gluc staining solution for 16 hours at 37°C, 
rinsed in X-Gluc buffer and then incubated overnight at 4°C in fixative solut ion. 
Samples were then dehydrated in an ethanol series by incubation for 1 hour in 
each of the fol lowing solut ions in the fol lowing order: 10% v/v ethanol, 3 0 % v/v 
ethanol, 50% v/v ethanol , 7 0 % v/v ethanol. The 7 0 % v/v ethanol was replaced 
with 9 0 % v/v ethanol and the samples left overnight. Samples were then 
embedded using the Historesin Embedding kit (Leica Instruments, Heidelberg, 
Germany). Infiltration solut ion was prepared by mixing 50 mL of Basic Resin 
liquid with 1 packet (0.5 g) of Activator. Each sample was then incubated in the 
fol lowing solutions in the following order at 4°C: 5 hours in 3:1 v/v 
ethanol/lnfi ltration solut ion, overnight in 1:1 v/v ethanol/lnfi l tration solut ion, 5 
hours in 1:3 v/v ethanol/ lnfi l tration solution and finally overnight in Infiltration 
solution. The first 30 minutes of each incubation was carried out under vacuum 
at room temperature. Embedding Medium was then prepared by mixing 15 mL 
of Infiltration solution with 1 mL of Hardener. The Embedding Medium was used 
immediately as it hardened within a few minutes. Flat Bottom Embedding 
Capsules (Agar Scientif ic, Stansted, UK) were filled with Embedding Medium 
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then the samples were added and oriented using forceps. The caps were 
closed on the Embedding Capsules and the resin was left to harden overnight. 
The caps were then cut f rom the hardened resin containing the seedl ings using 
a scalpel. 50 micron sections were cut f rom the samples with a glass knife using 
a Reichert ultramicrotome and f loated in water on microscope sl ides. The water 
was then al lowed to evaporate f rom the slide before the sect ions were mounted 
in DPX mount ing medium (Fisons Scientific Equipment, Loughborough, UK) 
and examined using DIC optics on a Nikon Optiphot 2 microscope (Nikon UK 
Ltd, Kingston-upon-Thames, Surrey, UK). Photographs were taken using a 
Nikon Coolpix digital camera. 
2.3.5 L a s e r S c a n n i n g Confoca l Microscopy (LSCM) 
Laser scanning confocal microscopy was used to examine promoter-GFP 
expression patterns and GFP-protein fusion localisation in roots as well as the 
cellular organisat ion of roots in KNAT6 overexpressing plants. Images are 
obtained by exciting f luorochromes in a t issue sample using a laser light source. 
An image of the t issue is obtained by scanning a laser beam over the specimen. 
Crucially, only light which is emitted f rom the section that is in focus is detected. 
This reduces background f luorescence and allows the t issue to be sectioned 
optically (e.g. (White and Amos , 1987); (White etal., 1987)). 
Solut ions 
• 5 0 % v/v glycerol 
• 10 |xg/mL propidium iodide (Sigma) in water 
Method 
Promoter-GFP and KNAT6 overexpressing plants were grown under sterile 
tissue culture condit ions as detai led in 2 .2 .1 . To prepare seedl ings for confocal 
microscopy, they were counterstained by immersion in 10 lag/mL propidium 
iodide solution and vacuum infiltrated for 1 hour. Seedl ings were then rinsed in 
distilled water to remove any excess propidium iodide before being mounted on 
microscope slides in 5 0 % v/v glycerol. Coversl ips of thickness 1 were used. 
Slides were then viewed using a Zeiss Axioskop microscope (Carl Zeiss Ltd., 
Welwyn Garden City, Herts, UK) fitted with a Bio-Rad Radiance 2000 laser 
scanning system. Red and green channels were acquired sequential ly using a 
green HeNe laser with an HQ 590/70 filter for the red channel and an Argon 
laser with a HQ 530/60 filter for the green channel. The excitation wavelength 
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for propidium iodide is 536 nm and the emission wavelength is 617 nm. The 
excitation wavelength for GFP is 489 nm and the emission wavelength is 508 
nm. 
2.4 Extraction and purification of nuc le ic ac ids 
2.4.1 IVIiniprep of p lasmid DNA us ing the S igma GenElute™ Plasmid 
miniprep kit 
The Sigma GenElute™ Plasmid Miniprep kit was used for the extraction of high 
copy number plasmid DNA from small (1-5 mL) culture vo lumes. The resulting 
DNA was suitable for sequencing, PCR and all cloning purposes. All 
centrifugation was carried out at 13,000 rpm in a microcentri fuge. Bacteria 
containing the plasmid of interest were grown overnight at 37°C with vigorous 
shaking in selective LB liquid media. 1.5 mL of culture was transferred to an 
Eppendorf tube and the cells pelleted by centrifugation for 2 minutes. The 
supernatant was removed and a further 1.5 mL of culture was added to the tube 
and it was centri fuged as above. 200 i^L of resuspension solution was added 
and the cells resuspended by vortex mixing. 200 \iL of lysis solution was then 
added and mixed by inversion and the solution was incubated at room 
temperature for no more than 5 minutes. 350 j^L of neutralisation solution was 
added and mixed by inversion before the tube was centr i fuged for 10 minutes to 
pellet the cell debris. The cleared supernatant was then applied to a Mini Spin 
Column in a collection tube and centr i fuged for 1 minute. The f low-through was 
discarded and 750 |iL of wash solution was added to the spin column before 
centrifugation as above. Again , the f low through was discarded before the 
column was centri fuged for 5 minutes to dry the membrane. To elute the 
plasmid DNA, the column was transferred to a new collection tube and 50 fxL of 
sterile distil led water was applied and left to stand for 2 minutes before 
centrifugation for 2 minutes. The DNA was stored at -20°C. 
2.4.2 Midipreps of p lasmid DNA using the Qiagen Midi Prep kit 
The Qiagen Midi Prep kit was used for the preparation of low copy number 
plasmids such as pCIRCE from large culture vo lumes (100-200 mL). The 
resulting DNA was suitable for PCR, DNA sequencing and all cloning purposes. 
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Bacteria containing the plasmid of interest were grown overnight in 100 mL 
selective liquid LB medium with vigorous shaking. The culture was transferred 
to sterile 50 mL Falcon centri fuge tubes, and the cells were pelleted by 
centrifugation at 6,000xg for 15 minutes at 4°C. The supernatant was discarded 
and the cells were resuspended in 4 mL of Buffer P I . 4ml of Buffer P2 was then 
added and mixed thoroughly by inversion before incubation at room 
temperature for 5 minutes. 4 mL of chil led Buffer P3 was added and mixed by 
inversion before incubation on ice for 15 minutes. The result ing mixture was 
then centri fuged at 20,000xg for 30 minutes at 4°C and the supernatant 
removed to a new tube before centrifugation for a further 15 minutes at 
20,000xg at 4°C. During these centrifugation steps, a QIAGEN-t ip 100 was 
equil ibrated by adding 4 mL of Buffer QBT to the column and al lowing it to drain 
by gravity f low. The cleared supernatant containing the plasmid DNA was 
appl ied promptly to the column and al lowed to drain as before. The QIAGEN tip 
100 was then washed with 2 x 10 mL of Buffer QC before the DNA was eluted 
into a sterile 15 mL Falcon tube with 5 mL of Buffer QF . The DNA was 
precipitated by adding 3.5 mL (0.7 volumes) of room temperature isopropanol, 
mixing and then transferring to Eppendorfs before centri fuging at 15,000xg for 
30 minutes at 4°C. The result ing DNA pellet was washed with room temperature 
7 0 % v/v ethanol and centr i fuged at 15,000xg for 15 minutes at 4°C. The 
supernatant was removed and the pellet left to air dry until all visible droplets of 
liquid had disappeared. The DNA was resuspended in 100 |aL of sterile, distilled 
water and stored at -20°C. 
2.4.3 Plant DNA extraction us ing tlie Phytopure kit 
Additional solut ions 
• 3 M sodium acetate, pH 5.5 
• absolute ethanol 
• 7 0 % v/v ethanol 
Method 
The Phytopure kit was f rom Nucleon Biosciences and was used to prepare 
plant genomic DNA for Southern blotting analysis and PGR amplif ication. 
1 gram (fresh weight) of plant t issue was ground to a f ine powder in liquid 
nitrogen using a mortar and pestle and transferred to a 50 mL polypropylene 
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tube. 4.6 mL of reagent 1 was added and mixed by inversion. DNase-free 
RNase was added to a concentrat ion of 400 [iglmL to digest cellular RNA. The 
mixture was placed in a shaking water bath at 65°C for 10 minutes then placed 
on ice for 20 minutes. 2 mL of ice cold chloroform was added and mixed by 
inversion. 200 fiL of Nucleon Phytopure DNA extraction resin suspension 
(which binds polysaccharides and other impurit ies) was added and the mixture 
was shaken gently for 10 minutes at room temperature. The mixture was 
centr i fuged at 1300xg for 10 minutes at 4°C and the DNA-containing upper 
phase was removed to a new tube. One volume of -20°C isopropanol was 
added and mixed by inversion. The solution was centr i fuged for 5 minutes at 
4000xg at 4°C to pellet the DNA. The DNA pellet was washed with 7 0 % v/v 
ethanol and centri fuged for 5 minutes at 4000xg at 4°C. The ethanol was 
removed and the pellet al lowed to air dry. The DNA-containing pellet was then 
resuspended in 500 |il of sterile, distil led water and left at room temperature 
overnight to allow the DNA to resuspend completely. The solution was 
transferred to an Eppendorf tube and centri fuged at 14000 rpm for 1 minute in a 
benchtop microfuge to remove any undissolved contaminat ing material. The 
supernatant was removed to a new tube, and the DNA precipitated by the 
addit ion of 50 laL of 3 M sodium acetate (pH 5.5) and 1 mL of ethanol. The DNA 
was spun down at 14000 rpm in a benchtop microfuge for 10 minutes before 
being washed twice with 7 0 % v/v ethanol. After the pellet had been al lowed to 
air dry, it was resuspended in 300 |iil of sterile distil led water. Again, the DNA 
was left overnight at room temperature to allow complete resuspension before 
any undissolved contaminating material was spun out as before. The 
supernatant containing the DNA was transferred to a new tube and stored at -
20°C. 
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2.4.4 Quick DNA extraction method for P G R 
(Edwards etal., 1991) 
Solut ions 
• Extraction buffer: 200 m M Tris-HCI pH 7.5, 250 m M NaCI, 25 m M EDTA, 0.5% 
w/v SDS. 
IVIethod 
All centrifugation steps were carried out at 14000 rpm in a benchtop microfuge. 
A small leaf or leaf disk was placed in an Eppendorf along with a small amount 
(approximately 30 |aL) of quartz sand and 400 ^L of extraction buffer. The tissue 
was macerated with a hand held grinder for approximately 15 seconds and then 
vigorously vortex mixed. The sample was centr i fuged for 5 minutes to pellet cell 
debris. The cleared supernatant was removed to a new Eppendorf and DNA 
precipitated with an equal volume of isopropanol. Following centrifugation for 5 
minutes, the DNA pellet was washed with 7 0 % v/v ethanol and centri fuged for 2 
minutes. The DNA pellet was al lowed to dry until no drops of liquid were visible 
and then resuspended in 100 ^L sterile distil led water. 1-2 ^L of this DNA prep 
was used in subsequent 50 ^L PGR reactions. If required, t issue was placed in 
Eppendorfs with the quartz sand, frozen in liquid nitrogen and stored at -80°C 
until required. 
2.4.5 RNA extractions using Guanidine hydrochloride 
(Logeman et al., 1987) 
Solut ions 
• Extraction buffer: 8 M Guanidine hydrochloride, 20 m M EDTA, 20 m M MES, 
50 m M p-Mercaptoethanol. 
• Steri le, distil led water treated with 0 . 1 % v/v DEPC (diethylpyrocarbonate). 
Briefly, DEPC was added and stirred overnight at room temperature before 
autoclaving for 25 minutes to remove traces of DEPC. 
• 3 M Sodium acetate pH 5.2 (DEPC treated). 
• 1 M acetic acid. 
Method 
This method was used to isolate RNA from medium to large amounts of t issue 
or f rom tissue with high polysaccharide, especial ly sil iques. Prior to RNA 
extraction, plant tissue was quick frozen in liquid nitrogen and then stored at -
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80°C. 0.5-10 g (fresh weight) of t issue was ground in liquid nitrogen using a 
mortar and pestle. More liquid nitrogen was added before 2 vo lumes of 
extraction buffer were added and ground in with the sample. The powder was 
transferred to a 50 mL tube and al lowed to thaw on ice. The sample was further 
disrupted by homogenisat ion with a polytron homogeniser. Cell debris was 
pelleted by centrifugation at 9200xg for 10 minutes at 4°C and the resulting 
supernatant was filtered through Miracloth (Calbiochem, La Jolla, CA, USA). An 
equal vo lume of 25:24:1 phenol:chloroform:isoamylalcohol was added and 
mixed thoroughly by inversion several t imes before being incubated on ice for 5 
minutes. Following centri fugation at 9200xg for 30 minutes at 4°C, the RNA-
containing upper phase was removed to a new tube. 0.2 vo lumes of ice cold 1 
M acetic acid was added and mixed by inversion before the addit ion of 0.7 
volumes of ice cold absolute ethanol. The RNA was al lowed to precipitate 
overnight at -20°C before pelleting by centri fugation at 9200xg at 4°C. The RNA 
pellet was washed twice with 10 mL 3M sodium acetate pH 5.2 by centrifugation 
at 9200xg for 10 minutes at room temperature to remove contaminat ing 
polysaccharides. Finally, the RNA pellet was washed with 7 0 % v/v ethanol , 
dried and then resuspended in 100 ^iL of DEPC treated water. RNA was 
quantif ied by spectrophotometr ic analysis (section 2.4.10) and was stored at -
80°C. 
2.4.6 RNA extract ions using Qiagen R N e a s y kit 
The RNeasy kit f rom Qiagen was used to prepare total RNA from small 
amounts of t issue (50-100 mg). All centrifugation steps were carried out at 
14000 rpm in a benchtop microfuge. Prior to RNA extraction, plant t issue was 
quick frozen in liquid nitrogen and then stored at -80°C. Samples were ground 
to a fine powder in liquid nitrogen using a mortar and pestle and then 
transferred to an Eppendorf containing 450 i^L of buffer RLT with 4.5 ^L of p-
mercaptoethanol and vigorously vortex mixed. The sample was transferred to 
the QIAshredder spin column sitting in a 2 mL collection tube and centr i fuged 
for 2 minutes. The f low-through was removed to a new Eppendorf and 0.5 
volumes of ethanol were added and mixed by pipetting. The sample was 
transferred to an RNeasy mini spin column sitting in a 2 mL collection tube and 
centr i fuged for 15 seconds. The f low-through was discarded and 700 ^1 of buffer 
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RW1 was added to the column and the tube centri fuged for 15 seconds. The 
f low-through was discarded and the column placed in a new 2 mL collection 
tube. Two washes were performed with 500 ^iL buffer RPE per wash by 
centri fugation for 15 seconds and then 2 minutes. The column was transferred 
to an Eppendorf and 50 i^L of RNase-free water was appl ied to the column 
fol lowed by centrifugation for 1 minute to elute the RNA. This elution step was 
repeated once more into the same tube. RNA was quantif ied by 
spectrophotometr ic analysis (section 2.4.10) and was stored at -SOX. 
2.4.7 Purification of DNA from agarose ge ls us ing the QIAquick® Gel 
Extract ion kit 
Additional solut ions 
• 3M Sodium acetate pH 5.0 
• Isopropanol 
Method 
The Qiagen QIAquick® Gel Extraction kit was used for the purification of DNA 
from agarose gels fol lowing restriction enzyme digestion or PGR. The resulting 
DNA was suitable for all cloning purposes, as a PGR template and as a 
template for the synthesis of radiolabelled probes. All centrifugation steps were 
carried out at 14000 rpm in a benchtop microfuge. DNA fragments were 
separated on 0.7-1.5% w/v agarose gels in TAE buffer. The gel slice containing 
the band of interest was excised using a clean sharp scalpel, weighed and 
placed in a Eppendorf. Three volumes of Buffer QG were then added before 
incubation at 55°C for 10 minutes until the gel slice had dissolved completely. 
The dissolving process was aided by vortex mixing every 2-3 minutes during the 
incubat ion. Buffer QG1 contained a pH indicator that indicated opt imum pH by 
remaining yel low after the gel had been dissolved. If the solution turned orange 
or purple, 10 |iL of 3M sodium acetate was added to regain opt imum pH. If the 
DNA fragment being purified was less than 500 bp or more than 4 kb in length, 
then 1 gel volume of room temperature isopropanol was added. A QIAquick 
spin column was inserted into a 2 mL collection tube and the sample was 
appl ied to the column. After centrifugation for 1 minute, the f low-through was 
discarded and 0.5 mL of Buffer Q G was added to the column before it was 
centr i fuged as above. Again, the f low-through was discarded, and 0.75 mL of 
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Buffer PE was added to the co lumn. After centrifugation for 1 minute, the f low 
through was discarded before the column was centri fuged for 5 minutes to 
ensure that it was completely dry. The QIAquick column was then placed into a 
clean 1.5 mL Eppendorf and 50 ^L of sterile distilled water was added to elute 
the DNA. If a more concentrated DNA sample was required (e.g. for cloning), 
then 30 |iiL of sterile distilled water was added and the column was left to stand 
for 5 minutes. The DNA containing solution was then collected by centrifugation 
for 5 minutes and stored at -20°C 
2.4.8 Purification of DNA us ing the High Pure P G R Product Purification l<it 
The High Pure PCR Product Purif ication kit was obtained f rom Roche 
Diagnostics and was used to purify DNA and cDNA from various enzymatic 
reactions e.g. PCR reactions, restriction enzyme digests and reverse 
transcript ion. It was also used to remove ol igonucleotide primers (less than 100 
bp) f rom DNA. All centrifugation steps were carried out at 14000 rpm in a 
benchtop microfuge. The DNA containing solution was mixed with binding buffer 
(100 |iL buffer per 20 |iL DNA solut ion) and applied to a High Pure filter tube in 
a 2 mL collection tube and centr i fuged for 30 seconds. The f low-through was 
discarded and 500 ^L wash buffer added to the filter tube before centrifugation 
for 30 seconds. The wash step was then repeated with 200 ^iL of wash buffer. 
The filter tube was placed in a clean Eppendorf and 50 ^iL of elution buffer (or 
10 m M Tris-HCI pH 8.2 for certain applications) was added before DNA was 
eluted by centrifugation for 30 seconds. The DNA was stored at -20°C 
2.4.9 Purification of m R N A from total RNA using the PolyATract® mRNA 
isolation s y s t e m 
Solut ions 
e 20x SSC: 3 M NaCI, 0.3 M tr isodium citrate, pH 7.0 
Method 
The polyadenylated (poly(A) ' ' ) fraction of RNA was purified f rom plant total RNA 
using the PolyATract® system from Promega. Up to 1 mg of total RNA was 
made up to a volume of 500 |LIL in sterile, DEPC treated water in an Eppendorf 
and heated at 65°C for 10 minutes to disrupt RNA secondary structure. 3 |aL of 
biotinylated-Oligo (dT) probe and 13 yiL of 20x SSC was added to the RNA and 
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mixed before the tube was al lowed to cool slowly to room temperature 
(approximately 10 minutes) This allows annealing of the biotinylated-Oligo (dT) 
probe to the poly(A) tail of mRNA. An aliquot of Streptavidin-Paramagentic 
particles (SA-PMP) were washed 3 t imes with 300 ^L of 0.5x SSC and captured 
using a magnetic stand. After the final wash the SA-PMP were resuspended in 
100 i^L of 0.5x SSC. The anneal ing reaction mix was then added to the washed 
SA-PMP and incubated for 10 minutes at room temperature allowing 
streptavidin binding to the biotin. The SA-PMP were captured using the 
magnet ic stand and the supernatant removed. The SA-PMP were then washed 
4 t imes with 300 i^L of 0.1 x SSC by resuspension and then capture of the SA-
PMP. After the final wash all the supernatant was removed and the SA-PMP 
were resuspended in 100 \iL of sterile, RNase free water. The SA-PMP were 
captured using the magnetic stand and the mRNA containing supernatant was 
removed to another tube. The elution step was repeated with 150 fxL of sterile, 
RNase free water. To concentrate the mRNA, 1/10 vo lume of 3 M sodium 
acetate pH 5.2 and 1 |aL of 10 mg/mL glycogen (Roche) was added and mixed 
fol lowed by 2.5 volumes of ethanol. After overnight incubation at -20°C, the 
precipitate was pelleted by centrifugation at 18000xg for 20 minutes at 4°C. 
After washing with 7 0 % v/v ethanol the pellet was dried and resuspended in 10-
20 laL sterile, RNase free water. 
2.4.10 Spectrophotometr ic ana lys is of RNA 
RNA in solution was analysed and quantif ied using a UniCam UV2 UV/Vis 
spectrophotometer (ATI, Cambr idge, UK). A 1/100 dilution was made of RNA 
samples in sterile distilled water, and water was used as a blank. The 
absorbance of the sample was scanned f rom 200 nm to 300 nm. If good quality 
RNA has been obtained, there should be a peak at 260 nm on the trace. The 
absorbance at 260 nm and 280 nm was then recorded and the 260:280 ratio 
calculated. To indicate that good quality RNA has been obtained, this ratio 
should be at least 1.7. The concentrat ion of RNA in the sample can then be 
calculated using the fol lowing formula: 
A260 X dilution factor x 40 = RNA concentrat ion (f.ig/mL) 
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2.4.11 Digestion of genomic DNA with restriction e n d o n u c l e a s e s 
Solut ions 
• Spermidine: 10 m M spermidine (Sigma, UK) in sterile distil led water 
IVIethod 
Restriction enzymes and lOx reaction buffers were obtained from Promega Ltd., 
and reactions were carried out according to the manufacturers instructions. 
Digestion reactions were performed by mixing 500 ng of genomic DNA with 2.2 
I^ L of lOx reaction buffer in an Eppendorf tube. The volume was made up to 
17.6 |aL with sterile distil led water before incubation on ice for 1 hour. The 
mixture was then warmed to room temperature before 2.2 ^iL of restriction 
enzyme and 2.2 i^ L of 10 m M spermidine was added. The reaction was then 
incubated at 37°C for 5 hours. 
2.5 E lect rophores is 
2.5.1 DNA agarose e lectrophoresis 
(Sambrook etal., 1989) 
Solut ions 
• 1x TAE buffer: 40 m M Tris-acetate pH 8.0, 1 m M EDTA 
• lOx loading buffer: purchased f rom Promega 
• DNA markers: Hyperladder I or Hyperladder IV (Bioline) were used 
according to the manufacturers instructions. 
Method 
Gels of 0 .7% w/v to 2 % w/v agarose were prepared in 1x TAE buffer depending 
on the size of the DNA fragments to be separated. Gels were melted in a 
microwave, al lowed to cool to approximately 50°C before 0.1 ^g /mL of ethidium 
bromide was added and mixed. The molten agarose was immediately poured 
into a gel tray and allowed to solidify at room temperature for 20-40 minutes. 
DNA samples were mixed with 1/10 vo lume of lOx loading buffer and loaded 
into gel wells by pipett ing. DNA markers were run alongside sample DNA to 
enable quantitation and approximate sizing of f ragments. Electrophoresis was 
performed at 5-10 V/cm in 1x TAE buffer. DNA was visualized on a UV 
transil luminator (Gel Doc 1000 system with Molecular Analyst version 2.1.1 
software, Bio-Rad) and photographed. If a Southern blot was to be performed a 
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ruler was placed alongside the gel in the photograph to enable DNA fragment 
sizes to be determined fol lowing hybridisation. 
2.5.2 RNA formaldehyde gel e lectrophoresis 
Method based on that by (Sambrook ef a/., 1989) 
Solut ions 
• RNA removal solut ion: 0.1 M NaOH, 1 m M EDTA 
• Sterile, distilled water treated with 0 . 1 % v/v DEPC (diethylpyrocarbonate). 
Briefly, DEPC was added and stirred overnight at room temperature 
before autoclaving for 25 minutes to remove traces of DEPC 
• 10x MOPS buffer: 0.5 M MOPS, 10 m M EDTA, pH to 7.0 with NaOH, 
DEPC treat as above. 
• Denaturing buffer: prepared by mixing 100^1 lOx MOPS buffer, 100 \i\ 
DEPC treated water, 100 ^l of deionised formamide, 120 |xl of 3 7 % v/v 
formaldehyde, made fresh 
• lOx loading buffer: purchased from Promega 
• RNA markers: purchased from Promega 
Method 
The gel tank, casting tray and comb were soaked in RNA removal solution 
overnight then rinsed in sterile distilled water before use. Gels of 1 % w/v were 
prepared by melt ing an appropriate amount of agarose in DEPC treated water. 
After cooling to approximately 70°C, lOx MOPS buffer was added to give a final 
concentrat ion of 1x, and formaldehyde (37% v/v) added to give a final 3% v/v 
concentrat ion. The molten gel was immediately poured into a gel tray and left to 
solidify for 1-2 hours at room temperature. The gel was electrophoresed in 1x 
MOPS for 1 hour at 3-6 V/cm prior to loading of samples. RNA samples (up to 
50 ng) in a max imum volume of 25 ^il water were mixed with an equal volume of 
Denaturing buffer, incubated for 10 minutes at 65°C and placed immediately on 
ice. After the addit ion of 1/10 volume of loading buffer, samples were loaded 
onto the gel and electrophoresed as above. For northern analysis samples were 
run alongside 10 i^ l RNA markers (Promega). After electrophoresis gels were 
stained and photographed. 
81 
2.5.3 Staining of RNA formaldehyde gels 
(Ausubel etal., 1994) 
Solut ions 
e 0.5 M Ammon ium acetate, DEPC treated 
• 0.5 M Ammon ium acetate/0.5 ng/mL ethidium bromide, DEPC treated 
Method 
After electrophoresis the RNA gel was placed in a container and submerged in 
enough 0.5 M ammon ium acetate to cover it. The gel was shaken gently for 20 
minutes and the solution then replaced with fresh solution for a further 20 
minutes. The solution was then replaced with fresh 0.5 M ammonium acetate 
containing 0.5 | ig/mL ethidium bromide and shaken gently for 40 minutes to 
stain RNA. The gel was then de-stained in fresh 0.5 M ammonium acetate for 
20 minutes to 2 hours before being visualized on a UV transil luminator (Gel Doc 
1000 system with Molecular Analyst version 2.1.1 software, Bio-Rad) and 
photographed. A ruler was placed alongside the gel in the photograph to allow 
the size of hybridising bands to be determined after hybridisation. 
2.6 Nucleic acid hybridisation 
Southern and northern analyses were carried out using Zeta-Probe GT 
membranes (Bio-Rad) according to the manufacturer 's instructions. 
2.6.1 Southern blotting 
Solut ions 
• Depurinating solut ion: 0.25 M HCI 
• Denaturing solut ion: 0.5 M NaOH, 1.5 M NaCI 
• Neutral ising solut ion: 3 M NaCI, 0.5 M Tr is-HCI, pH 7.4 
• lOx SSC: 1.5 M NaCI, 0.15 M tr isodium citrate, pH 7.0 
Method 
This technique involves the transfer of DNA fragments f rom agarose gels to a 
nylon membrane fol lowing which the membrane is incubated with a probe of 
known DNA sequence in order to detect homologous sequences. After 
electrophoresis, gels were treated with 2-3 vo lumes of depurinating solution for 
15 minutes with gentle shaking. The gel was rinsed briefly in distilled water then 
transferred to 2-3 vo lumes of denaturing solution and incubated with gentle 
shaking for 30 minutes. The gel was rinsed briefly in distilled water then 
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incubated in 2-3 volumes of neutralising solution with gentle shaking for 30 
minutes. The gel was rinsed briefly in sterile water and blotted in a tray 
containing lOx SSC as fol lows. A glass plate was placed across the tray to form 
a platform. Two pieces of Whatman 3MM paper were placed over the platform 
and into the reservoir of lOx SSC to act as a wick through which the solution 
could move. The gel was placed on the paper and a piece of Zeta-Probe GT 
membrane placed on the gel without trapping any air bubbles. Clingfi lm was 
placed around the edges of the gel so that liquid movement could only occur 
through the membrane. Two pieces of Wha tman 3MM paper were placed on 
top of the membrane fol lowed by 2 layers of absorbent nappy liners on top of 
which was placed a tray and a small weight (250-400 grams). The DNA was 
al lowed to transfer to the membrane by capil lary action overnight. The blotting 
apparatus was then dismantled and the posit ion of the wells was marked on the 
membrane with a soft pencil before it was rinsed briefly in 2x SSC. DNA was 
immobil ised on the membrane by crosslinking using a Bio-Rad GS Gene 
Linker™ set to programme 3 (damp Southern membrane) and then baking at 
80°C for 30 minutes. 
2.6.2 Northern blotting 
Solut ions 
• 10x SSC: 1.5 M NaCI, 0.15 M tr isodium citrate, pH 7.0 
Method 
This technique involves the transfer of RNA to a nylon membrane in order to 
detect a transcribed sequence using a known fragment of DNA as a probe. 
Following electrophoresis, RNA formaldehyde gels were gently shaken in sterile 
water for 2x 20 minutes to remove traces of formaldehyde that can interfere with 
transfer. Blott ing was carried out in a tray containing lOx SSC as fol lows. A 
glass plate was placed across the tray to form a platform. Two pieces of 
Whatman 3 M M paper were placed over the platform and into the reservoir of 
lOx SSC to act as a wick through which the solution could move. The gel was 
placed on the paper and a piece of Zeta-Probe GT membrane placed on the gel 
without trapping any air bubbles. Clingfi lm was placed around the edges of the 
gel so that liquid movement could only occur through the membrane. Two 
pieces of Wha tman 3MM paper were placed on top of the membrane fol lowed 
by 2 layers of absorbent nappy liners on top of which was placed a tray and a 
83 
small weight (250-400 grams). The RNA was al lowed to transfer to the 
membrane by capillary action overnight. The blotting apparatus was then 
dismantled and the position of the wells was marked on the membrane with a 
soft pencil before it was rinsed briefly in 2x SSC. RNA was immobil ised on the 
membrane by crosslinking using a Bio-Rad GS Gene Linker™ set to 
programme 3 (damp Southern membrane) and then baking at 80°C for 30 
minutes. 
2.6.3 Co lony lifts 
Solut ions 
• Denaturing solut ion: 0.5 M NaOH, 1.5 M NaCI. 
• Neutralisation solut ion: 0.5 M Tris-HCI pH 8.0, 1.5 M NaCI. 
• 2x SSC: 0.3 M NaCI, 0.03 M tr isodium citrate, pH 7.0 
Method 
Following ligation of DNA fragments into a plasmid vector and transformation 
into bacteria, the bacterial plates were incubated at 4°C for 2 hours. Zeta-Probe 
GT membrane was cut into discs and gently lowered onto the bacterial plate. 
The membrane was quickly orientated by making asymmetr ic pin marks through 
the membrane and then peeled f rom the plate. The membrane was then placed 
bacterial surface up on a sheet of Wha tman paper soaked in denaturing 
solution for 3 minutes. The membrane was then transferred to a sheet of 
Whatman paper soaked in neutralisation solution for 3 minutes after which it 
was briefly washed in 2x SSC. Nucleic acid was f ixed to the membrane by 
vacuum drying at 80°C for 30 minutes prior to hybridisation. 
2.6.4 Radio-labell ing of probes with [^^P]a-dCTP 
Solut ions 
• TE-8: 10 mM Tris.CI, pH 8.0, 1 m M EDTA, pH 8.0 
• Sephadex G-50 in TE-8: 8g sephadex G-50 in 200 mL TE-8, autoclaved 
20 minutes at 121°C 
Method 
In this study, double-stranded DNA probes were used for all hybridisations. 
Plasmid DNA containing the DNA probe of interest was used as template for 
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PGR and the products were separated on an agarose gel. The DNA fragment of 
interest was purified from the gel using the QIAquick® Gel Extraction kit. 
DNA fragments were radioactively labelled using the Prime-It® II random primer 
kit (Stratagene Ltd.). In an Eppendorf tube, 25 - 50 ng of DNA template was 
mixed with 10 |iL of random ol igonucleotide primers and made up to a volume 
of 34 )aL with sterile distil led water. The mixture was denatured at 100°C for 5 
minutes, centrifuged briefly and al lowed to cool to room temperature. To this 
was added 10 i^L of 5x buffer (dCTP labelling buffer), 5 |xL of [^^P]a-dCTP and 1 
|j,L Exo(-) Klenow (5 U/fxL) fol lowing which the mixture was incubated at 37°C 
for 30 minutes. The reaction was stopped by adding 2 [d. of stop mix. The radio-
labelled probe was separated f rom unincorporated pP ]a -dCTP using a column 
consist ing of a 5 mL syringe with the plunger removed. A Miracloth (Calbiochem, 
La Jolla, California, USA) frit was placed at the bottom of the syringe barrel 
before it was filled to the 2.5 mL mark with Sephadex-G50 in TE-8. 20 [iL of TE-
8 was then added to the probe synthesis reaction, before it was applied 
carefully to the top of the co lumn. 650 [iL of TE-8 was added to the column and 
collected as waste. Two further 650 |aL al iquots were added to the column and 
collected as probe. The probe was boiled for 5 minutes, snap cooled on ice and 
then added to the hybridisation mixture. 
2.6.5 Pre-hybridisation and hybridisation of Sout l ierns us ing the C h u r c h 
s y s t e m 
(Church and Gilbert, 1984) 
Solut ions 
• Church Buffer: 0.5 M Na2HP04 buffer, 7% w/v SDS, pH 7.2 
Method 
The pre-hybridisation step is designed to block sites on the membrane to which 
the probe may bind non-specifically. Membranes were placed in hybridisation 
bottles (Techne, Cambridge, UK) with the bound nucleic acid facing inwards. 50 
mL of Church buffer was added and placed inside a Techne hybridisation oven 
(model HB-1D) at 65°C and pre-hybridised for at least 1 hour, or overnight if 
convenient. Just before addit ion of the probe, the Church buffer was replaced 
with 10 mL of f resh, preheated (to 65°C) Church buffer. The radiolabelled. 
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denatured probe was then added to the hybridisation tube, and hybridisation 
was carried out at 65°C overnight. 
2.6.6 Pre-hybridisation and hybridisation of Southerns using the 
Denhardt 's s y s t e m 
Solut ions 
• 50x Denhardt 's solut ion: 5 g Ficoll (type 400), 5 g polyvinylpyrrolidine, 10 
g Bovine serum albumin, water to 500 mL, filter sterilise and store at -
20°C 
• 20x SSC: 3 M NaCI, 0.3 M tr isodium citrate, pH 7.0 
• Prehybridisat ion: 6x SSC, 5x Denhardt 's solut ion, 0.5% w/v SDS, 2.5 mg 
denatured fish sperm DNA, sterile distil led water to 25 mL 
• Hybridisation solut ion: 6x SSC, 5x Denhardt 's solut ion, 0.5% w/v SDS, 1 
mg denatured fish sperm DNA, sterile distil led water to 10 mL 
Method 
The pre-hybridisation step is designed to block sites on the membrane to which 
the probe may bind non-specifically. Membranes were placed in hybridisation 
bottles (Techne, Cambr idge, UK) with the bound nucleic acid facing inwards. 25 
mL of pre-hybridisation solut ion, minus the fish sperm DNA was made up in a 
50 mL Falcon centrifuge tube and warmed to 65°C in the hybridisation oven 
(Techne, model HB-1D). The fish sperm DNA was boiled for 10 minutes, snap 
cooled on ice and then added to the rest of the prehybridisation solution. The 
prehybridisation solution was then added to the hybridisation bottle with the 
membrane, placed in the oven and prehybridised at 65°C for 1 hour. 
Af terwards, the pre-hybridisation solution was replaced with 10 mL of 
hybridisation solution prepared as above. Radiolabel led, denatured probe was 
then added to the hybridisation mix and left to hybridise at 65°C for 24 hours. 
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2.6.7 Prehybridisat ion and hybridisation of Northerns us ing the 
Denhardt 's s y s t e m 
Solut ions 
« 50x Denhardt 's solution: 5 g Ficoll (type 400), 5 g polyvinylpyrrolidine, 10 
g Bovine serum albumin, water to 500 mL, filter sterilise and store at -
20°C. 
• 20x SSPE: 3.6 M NaCI, 0.2 M Na2HP04.7H20, 0.02 M EDTA. 
• Pre-hybridisation solution: 5 0 % v/v deionised formamide, 5x Denhardt 's 
solut ion, 0 . 1 % w/v SDS, 5x SSPE, 2.5 mg polyadenylic acid, 2.5 mg 
denatured f ish sperm DNA, sterile water to 25 mL. 
• Hybridisation solut ion: 5 0 % v/v deionised formamide, 2x Denhardt 's 
solut ion, 0 . 1 % w/v SDS, 5x SSPE, 1 mg polyadenylic acid, 2 mg 
denatured f ish sperm DNA, sterile distil led water to 10 mL. 
iVIethod 
The pre-hybridisation step is designed to block sites on the membrane to which 
the probe may bind non-specifically. Membranes were placed in hybridisation 
bottles (Techne, Cambridge, UK) with the bound nucleic acid facing inwards. 25 
mL of pre-hybridisation solution, minus the fish sperm DNA was made up in a 
50 mL Falcon centrifuge tube and warmed to 42°C in the hybridisation oven 
(Techne, model HB-1D). The fish sperm DNA was boiled for 10 minutes, snap 
cooled on ice and then added to the rest of the prehybridisation solut ion. The 
prehybridisation solution was added to the hybridisation bottle with the 
membrane, placed in the oven and prehybridised at 42°C for 4-24 hours. 
AftenA/ards, the pre-hybridisation solution was replaced with 10 mL of 
hybridisation solution prepared as above. Radiolabel led, denatured probe was 
then added to the hybridisation mix and left to hybridise at 42°C for 24 - 48 
hours. 
2.6.8 W a s h i n g condit ions for C h u r c h s y s t e m 
Solut ions 
• Church W a s h 1: 20 mM Na2HP04 buffer, 5% w/v SDS, pH 7.2 
• Church W a s h 2: 20 mM Na2HP04 buffer, 1 % w/v SDS, pH 7.2 
Method 
After hybridisation, the probe was then removed and 50 mL of prewarmed 
Church W a s h 1 was added to the tube using a 50 mL syringe and the 
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membrane was washed for 20 minutes at 65°C in the hybridisation oven. This 
20 minute wash was then repeated. The str ingency of this wash at 65°C is 
approximately 70%. If required, a further two 20 minute washes were carried 
out using Church wash 2 at 65°C. The str ingency of Church Wash 2 at 65°C is 
approximately 100%. The membrane was then removed f rom the tube, and 
checked with a Geiger counter. If the background appeared high, a further wash 
was carried out with the appropriate Church W a s h . After washing was 
complete, the membrane was wrapped in Saran wrap (Dow Chemical 
Company, Midland, Michigan, USA) and exposed to autoradiography f i lm. The 
membrane was not al lowed to dry out during any part of the procedure. 
2.6.9 Wash ing condit ions for Denhardt 's s y s t e m 
Solut ions 
• Wash solution 1: 2x SSC, 0 . 1 % w/v SDS. 
• Wash solution 2: 1x SSC, 0 . 1 % w/v SDS. 
• Wash solution 3: O.lx SSC, 0.1%) w/v SDS. 
Method 
After hybridisation, the solution was drained off and the membrane washed 
twice for 20 minutes at 55°C with 50 mL wash 1 (str ingency = 75%) . This was 
fol lowed by two washes with wash 2 for 20 minutes at 55°C with 50 mL per 
wash (stringency = 81%) . W a s h 2 was performed as before except at a 
temperature of 65°C, giving a str ingency of 9 1 % . Finally, wash 3 was performed 
as previous washes at a temperature of 65°C to give a str ingency of 99%. The 
membrane can be exposed to autoradiography fi lm after any of the washes, 
depending on the similarity between the probe and the target sequence. When 
the membrane had been washed to the desired str ingency, it was removed from 
the tube, and checked with a Geiger counter. If the background appeared high, 
a further wash was carried out at the appropriate str ingency. After washing was 
complete, the membrane was wrapped in Saran wrap (Dow Chemical 
Company) and exposed to autoradiography f i lm. The membrane was not 
al lowed to dry out during any part of the procedure. 
2.6.10 Autoradiography 
Autoradiography was carried out using Amersham Hyperf i lm-MP X-ray fi lm 
(Amersham Pharmacia Biotech Ltd, Little Chalfont, Bucks, UK) in a cassette 
fitted with an intensifying screen. Cassettes were left at -80°C for periods 
ranging from overnight to 4 weeks depending on the abundance of the target 
nucleic acid in the sample. X-ray f i lm was developed using a Compact X4 
automatic developer (X-ograph imaging systems, Malmesbury, UK). 
2.6.11 Probe stripping 
If a membrane was to be reprobed it was not al lowed to dry out between 
hybridisations and was stripped as soon as possible after autoradiography. The 
membrane was washed twice in a large volume of 0.1 x SSC/ 0.5% w/v SDS for 
20 minutes at 95°C. The membrane was checked by exposure overnight to 
ensure probe had been successful ly str ipped prior to re-hybridisation. 
2.7 DNA cloning into piasmid vectors and DNA s e q u e n c i n g 
2.7.1 Preparation of vector and inserts by digestion with restriction 
e n d o n u c l e a s e s 
Restriction enzymes and lOx reaction buffers were obtained from Promega Ltd. 
Reactions were carried out according to the manufacturers instructions. 
Typically, a digestion reaction contained 0.5-3 ng of DNA, 1 |iL of lOx reaction 
buffer, 1 \iL restriction enzyme (10 units/)jL) and made up to 10 with sterile, 
distilled water. React ions were left at the required temperature for a period of 2 -
4 hours. Following digestion reactions, vector DNA for use in ligations was 
dephosphorylated. All digestions were analysed by DNA agarose gel 
electrophoresis and f ragments to be used in cloning were excised f rom the gel 
and purified using the QIAquick® Gel Extraction kit. 
2.7.2 Dephosphorylat ion of vector DNA 
Following restriction digest ion, vector DNA for use in l igations was treated with 
shrimp alkaline phosphatase (Sigma) to dephosphorylate the 5' ends and 
prevent re-ligation of vector ends. This was only performed if the vector DNA 
had been treated with just one restriction enzyme. After digestion, 1 unit of 
shrimp alkaline phosphatase was added to the digestion reaction. The reaction 
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was incubated at 37°C for 30 minutes fol lowed by 10 minutes at 70°C to 
inactivate the phosphatase. Linearized vector DNA was purif ied f rom an 
agarose gel using the QIAquick® Gel Extraction kit. 
2.7.3 Ligation of DNA fragments 
The enzyme T4 DNA ligase catalyses the formation of a covalent 
phosphodiester bond between a 5'-phosphoryl group and an adjacent 3'-
hydroxyl group. Vector DNA and insert DNA were digested using the same 
restriction enzyme(s) to allow ligation between complementary ends. In a typical 
ligation reaction, 50-100 ng of vector DNA was mixed with insert DNA to give a 
ratio of 3 vector ends to 1 insert end in an Eppendorf tube. 1 \xL of lOx ligation 
buffer (supplied with enzyme from Promega Ltd.) and 1 pL (3 units) of T4 DNA 
ligase was then added and the vo lume made up to 10 i^L with steri le, distil led 
water. The contents were mixed and incubated at 4°C overnight before 
transformation of competent E. coli cells. 
2.7.4 Ligation of P G R fragments into p C R ® 2 . 1 - T 0 P 0 
DNA fragments generated by PCR were general ly cloned into the p C R ® 2 . 1 -
TOPO vector f rom Invitrogen. The vector is supplied linearized with 3' thymidine 
overhangs for efficient ligation of PCR products with a 5' adenine overhang. It 
utilises the ligation activity of the topoisomerase enzyme resulting in fast, high 
eff iciency l igation. The vector also contains primer sites for the universal 
primers M13F and M13R on either side of the insertion site to allow analysis of 
clones by PCR and sequencing. 1-4 |iL of f resh, unpurif ied PCR product (or gel 
purified PCR product in some cases) was mixed with 1 |aL of the p C R ® 2 . 1 -
TOPO vector and made up to 5 ixL with sterile distilled water. The reactants 
were mixed and incubated at room temperature for 5 minutes to allow ligation to 
proceed. The tube was then placed on ice until ready for transformation into 
TOP10 competent cells (Invitrogen). 
90 
2.7.5 G A T E W A Y ™ cloning: the L R and B P react ions 
Solut ions 
• TE-8: 10 m M Tris-HCI, pH 8.0, 1 m M EDTA, pH 8.0 
Method 
The G A T E W A Y ™ Cloning System from Invitrogen uses phage lambda-based 
site specific recombinat ion instead of restriction endonucleases and ligase. A 
cocktail of proteins mediate recombinat ion reactions between DNA 
recombinat ion sequences {att sites). The LR reaction is used to produce an 
Expression clone with atlB sites by recombinat ion between an Entry clone with 
attL sites and a Destination vector with attR sites. The BP reaction is used to 
produce an Entry clone with attL sites by recombinat ion between an Expression 
clone with aftS sites and a Donor vector with affP sites. 
For the LR reaction, 4 \iL of LR reaction buffer placed in an Eppendorf tube with 
100-300 ng of Entry clone and 300 ng of Destination vector. The vo lume was 
then made up to 16 |xL with TE-8. The LR CLONASE Enzyme Mix was thawed on 
ice for 2 minutes and then vortex mixed briefly. 4 i^ L of CLONASE was then added 
to the reaction before it was incubated at 25°C for 1 hour. 2 |aL of Proteinase K 
was added and incubated at 37°C for 10 minutes to stop the reaction. The 
complete reaction was then transformed into chemically competent E coli. 
The BP reaction was carried out in the same way, but BP reaction buffer was 
used in place of LR reaction buffer, and BP CLONASE Enzyme Mix was used in 
place of LR CLONASE Enzyme Mix. 
2.7.6 Transformation of chemical ly competent £ . co/ i with plasmid DNA 
(Ausubel etal., 1994) 
Solut ions 
• Tfbl buffer: 30 m M potassium acetate, 100 mM rubidium chloride, 10 mM 
calcium chloride, 50 m M manganese chloride, 15% v/v glycerol, pH 5.8 
with dilute acetic acid, filter steril ised 
• Tfbl l buffer: 10 m M MOPS, 75 m M calcium chloride, 10 mM rubidium 
chloride, 15 % v/v glycerol, pH 6.5 with NaOH, filter steril ised 
• liquid LB 
• LB selective plates 
Method 
E. coli XL I -b lue MRF' were used for the preparation of chemically competent 
cells. A single colony of XL I -b lue MRF' f rom a fresh selective LB plate was 
inoculated into 100 mL of sterile selective LB media and grown overnight at 
37°C with vigorous shaking. The culture was poured into sterile 50 mL Falcon 
centrifuge tubes and chilled on ice for 10 minutes before cells were pelleted by 
centrifugation at 5000xg for 5 minutes at 4°C. The supernatant was removed 
and the cells gently resuspended in 40 mL (0.4 vo lumes of the original culture 
volume) of Tfbl buffer. The cells were stored on ice for 15 minutes before the 
centrifugation step was repeated and the supernatant removed. The cells were 
then resuspended in 4 mL (0.04 volumes of the original culture volume) of ice 
cold Tfbl l buffer and stored on ice for 15 minutes. 50 aliquots were pipetted 
into ice cold Eppendorfs and f lash frozen in liquid nitrogen before being stored 
at -80°C until required. 
For transformation, an aliquot of cells was defrosted on ice. 10 |aL of ligation mix 
or 1 nL of supercoi led plasmid was added and mixed gently before incubation 
on ice for 20 minutes. The cells were then heat shocked at 42°C without 
shaking for 30 seconds before being placed back on ice for 2 minutes. 1 mL of 
liquid LB was added and the cells were incubated at 37°C with shaking for 1 
hour. 30-1000 |j.L of the cells were spread onto LB plates containing an 
appropriate antibiotic for selection of recombinants and grown overnight at 37°C. 
If blue/white colour selection of recombinants was required, 37.5 ^g /mL X-Gal 
and 37.5^g/mL IPTG were added to the molten LB agar prior to pouring. Due to 
disruption of the lacZ gene, recombinants would appear white instead of blue. 
Recombinants were checked by colony PCR or by minipreps using the Sigma 
GenElute™ plasmid miniprep kit fol lowed by diagnostic restriction endonuclease 
digestion. 
2.7.7 Transformation of T O P 1 0 One Shot™ competent ce l ls 
Solut ions 
» SOC medium: 20 g/L tryptone, 5 g/L bacto-yeast extract, 10 m M NaCI, 
2.5 m M KCI, 10 m M MgCb, 10 m M MgS04, 20 m M glucose 
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Method 
TOP10 One Shot™ competent cells were suppl ied with the TOPO TA Cloning® 
kit (Invitrogen, Paisley, UK) along with the p C R ® 2 . 1 - T 0 P 0 vector. Following 
the ligation of PCR products a tube of TOP10 One Shot™ competent cells was 
defrosted on ice. 2 \iL of the ligation mix was added and mixed by gentle stirring 
with a pipette tip. The tube was incubated on ice for 30 minutes before heat 
shocking at 42°C for 30 seconds. The tube was returned to ice for 2 minutes 
following which 250 \iL of SOC medium was added. The tube was then 
incubated for 1 hour at 37°C with gentle shaking. 50-100 |a,L of cells were 
spread onto selective LB plates containing 37.5 ng/mL X-Gal . Recombinants 
appeared as white colonies fol lowing overnight growth at 37°C and were 
checked by colony PCR. 
2.7.8 DNA s e q u e n c i n g 
DNA sequencing was performed by the DNA sequencing lab at the University of 
Durham using an ABI 373 DNA sequencer and dye terminator labelling 
reactions (Perkin Elmer Appl ied Biosystems). Samples were normally supplied 
as plasmids prepared using the Sigma GenElute™ piasmid miniprep kit at a 
concentrat ion of 100 ng/|al. Primers for sequencing were supplied at a 
concentrat ion of 3.2 pmoles/^il. 
2.8 Po lymerase Cha in React ion ( P C R ) 
2.8.1 Standard P C R 
For standard PCR reactions. Tag DNA polymerase was obtained from Bioline 
and was supplied with Mg^'^-free lOx reaction buffer and 50 mM MgCb stock 
solutions. Ol igodeoxynucleot ide primers were obtained from MWG-Biotech as 
lyophil ised pellets and resuspended to the desired concentrat ion in sterile, 
distilled water. The template for amplif ication was either genomic DNA, a cloned 
fragment of DNA in a piasmid, or a bacterial p iasmid. A standard PCR reaction 
contained 10-100 ng of DNA sample, 0.2 |.iM of each primer, 1.5 \A. 50mM 
MgCl2 (1.5 m M final concentrat ion), 5 ^iL Mg'^Vree lOx reaction buffer, 1 ^iL 10 
mM dNTP mix and 2.5 units of Taq DNA polymerase made up to 50 |iL with 
sterile, distilled water in a 0.5 mL Eppendorf. Where bacterial colonies were the 
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template, the reaction mix minus the DNA was made up and aliquoted into PCR 
tubes before a tiny amount of colony was picked up using a sterile toothpick and 
swirled in the reaction mixture. Reactions were overlayed with 40 [iL of mineral 
oil and placed in a DNA Thermal Cycler (Perkin Elmer, Foster City, CA, USA) 
once the block temperature had reached 90°C. A typical amplif ication was 
carried out using the fol lowing condit ions: 2 minutes denaturation at 94°C then 
25 cycles (from a DNA template unless othenA/ise stated) or 40 cycles (from a 
cDNA template unless othenA/ise stated) of 1 minute denaturation at 94°C, 1 
minute anneal ing at 55°C (unless otherwise stated) and an extension of 1 
minute per ki lobase of expected product at 72°C. A final extension of 10 
minutes at 72°C was performed after the amplif ication steps. 10-20 i^L of the 
reaction was run on a 1 % w/v agarose gel to check the products. Cloning of 
PCR fragments was carried out as described in sect ions 2.8.4. 
2.8.2 P C R using Expand™ High Fidelity P C R s y s t e m 
The Expand™ High Fidelity PCR system consists of a mix of Taq polymerase 
and Pwo DNA polymerase. Due to the 3'-5' exonuclease proofreading activity of 
Pwo DNA polymerase, the Expand™ High Fidelity PCR system results in a 3-
fold increase in the fidelity of DNA synthesis (8.5 x 10'^ error rate). This system 
was used for amplif ication of long products and when a high degree of 
sequence fidelity was required, for example, the cloning of DNA fragments for 
subsequent transformation into plants. The system was supplied with lOx 
reaction buffer containing 15 m M MgCl2. A typical reaction contained 10-100 ng 
of DNA target, 0.4 ^ M of each primer, 5 ^L lOx reaction buffer, 1 m M dNTP mix 
and 2.5 units enzyme mix made up to 50 i^L with sterile, distil led water in a 0.5 
mL Eppendorf and overlayed with 40 ^L of mineral oi l . The tube was placed in a 
pre-heated block at 90°C. A typical amplif ication was carried out using the 
fol lowing condit ions: denaturat ion at 94°C for 2 minutes fol lowed by 25 cycles of 
denaturat ion at 94°C for 1 minute, primer anneal ing at 55°C for 1 minute and 
extension at 72°C al lowing 1 minute per ki lobase of product. This was fol lowed 
by a final extension at 72°C for 10 minutes. If the expected product was greater 
than 3 kb in length then the extension step was carried out at 68°C instead of 
72°C. 5-10 |iL of product was then analysed on a 1 % w/v agarose gel . If 
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required, cloning of PCR fragments then was carried out as described in s e c t i o n 
2.8.4. 
2.8.3 P C R using E x - T a q polymerase for sc reen ing the Arab idops is 
Knockout Facility col lect ion 
Ol igonucleot ides 
« Con-1A: C G T C T A G G T G G T T C A G T A C C T G T T G A A T G 
• Con-1B: TTTATCGAAGAAACATGTCGTTGAACCAG 
. JL-202: CATTTTATAATAACGCTGCGGACATCTAC 
. ATKO Fori: G T T A G G A A G G C C T T A T C T C G A C C T A T G A A 
• A TKO Rev1: A A T T C A T G T G T C G T C C A T G C T T C A C T C T T 
Method 
TaKaRa Ex-Taq polymerase, lOx Ex-Taq buffer containing 20 mM MgCIa a n d 
dNTP mix (2.5 mM each dNTP) were obtained f rom Bio-Whittaker (Wok ingham, 
Berks, UK) for use in screening the Arabidopsis Knockout Facility col lect ion of 
T -DNA insertion lines. Stock solut ions of PCR primers were prepared at a 
concentrat ion of 12 pmol/|xL and Arabidopsis genomic DNA (var. Ws) w a s at 0.2 
ng/j^L. The fol lowing components were mixed in an 0.5 mL Eppendorf and the 
volume made up to 40 |aL with sterile distilled water: 4 of lOx Ex-Taq buffer, 
4 ^L of dNTP mix, 1 / J L each primer, 2 jiL of W s DNA. The tubes we re then 
overlaid with 40 |iL of mineral oil and placed in the PCR machine at 96°C. Once 
the samples had heated to 96°C, 10 i^L of enzyme mix consisting of 8.5 |xL of 
sterile distil led water, 1 |aL of lOx EX-Taq buffer and 0.5 ^L of Ex-Taq 
polymerase was added. The PCR amplif ication was then carried out under the 
fol lowing condit ions: 96°C until Ex-Taq was added then 36 cycles of 
denaturat ion at 94°C for 15 seconds, primer anneal ing at 65°C for 30 seconds 
and extension at 72°C for 2 minutes. A final extension of 4 minutes at 72°C was 
then performed. 5 i^L of PCR product was then analysed by gel electrophoresis 
using a 1 % w/v agarose gel. 
2.9 cDNA s y n t h e s i s and purification 
cDNA was synthesised f rom total RNA from roots and aerial parts of 
Arabidopsis seedlings, and from Poly(A)* RNA from Arabidopsis roots during 
the course of this work. The method given below is the general method which 
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was used for cDNA synthesis. The cDNA was then used for a variety of different 
procedures such as 3' RACE, 5' RACE and semi-quantitative RT-PCR. 
2.9.1 cDNA s y n t h e s i s 
Method 
1-2.5 jag of RNA (either total or poly(A)'^) was mixed with 1 i^L of primer (10 | iM 
stock) in a sterile Eppendorf tube and made up to 11 fxL with sterile distilled 
water. The sample was heated at 65°C for 10 minutes before being snap cooled 
on ice. The fol lowing components were then added in this order: 4 ixL of 5x 
AMV buffer (supplied with AMV reverse transcriptase, Promega Ltd.), 2 \xL 
dNTP mix (10 m M stock), 1 ^L RNasin (Promega Ltd.) and 2 \iL (20 units) AMV 
reverse transcriptase, giving a total volume of 20 \iL. After mixing and brief 
centri fugation, the sample was incubated at 42°C for 45 minutes and 50°C for 
25 minutes. The reverse transcriptase was then heat inactivated by incubation 
at 95°C for 5 minutes. 
2.9.2 c D N A purification 
The first strand cDNA was purified away f rom the RNA template and primer 
using the High Pure PCR Product Purif ication kit f rom Roche as described in 
section 2.4.8. The only modif ication was that 50 |il of 10 m M Tris-HCI pH8.2 
was used for the elution rather than the elution buffer supplied in the kit. 
2.10 3' R A C E 
3' RACE (Random Amplif icat ion of cDNA Ends) is used to obtain the sequence 
of the 3' end of a partial transcript i.e. downstream of the known region. The 
method utilises the polyA tail of mRNA to al low the addit ion of an Adaptor 
sequence to the 5' end of a cDNA (i.e. the 3' end of the transcript) dur ing 
reverse transcription with an Oligo-d(T) primer. A primer to this Adaptor 
sequence can then be used in subsequent PCR reactions along with gene 
specific primers. In this study, degenerate primers to the highly conserved 
homeobox region were used in conjunction with 3' RACE to isolate the 3' end of 
a novel homeobox gene. 
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2.10.1 Isolation of the KNAT6 3' region by 3' R A C E 
This method w a s developed based on the prel iminary experiments descr ibed in 
Chapter 3. The KN1 1 primer is towards the 5' end of the homeobox region and 
was used for pr imary PCR. The KN1 2 primer is located downstream of the KN1 
1 primer and was used for secondary PCR. 
Oligonucleot ides 
• 0//go d(T) Adaptor. 
CTTATACGGATATCCTGGCAATTCGGACTTTTTTTTTTTTTTTTT(A 
/G/C) 
• Adaptor. CTTATACGGATATCCTGGCAATTCGGACTT 
• KN1 1: TGGTGGI(A/G)I I I (T/G)CA(T/C)(T/A)(C/A)IAA(A/G)TGG 
• KN1 2: (A/T) IAAACA(A/G)AT(C/A)AACAATTGG 
• MHF: A G G G A G C C T C A A G C A A G A G T T C A 
• MHRT: G C T T C C A A T G C C G T T T C C T C T G G 
Method 
Poly(A)'^ RNA was isolated from total root RNA (Columbia ecotype) as 
described in sect ions 2.5.5 and 2.5.9. The Oligo d(T) Adaptor primer was used 
to synthesise cDNA from 2.5 ^g of Poly(A)'^ RNA as described in sections 2 .9 .1 . 
The cDNA was then purified as described in section 2.9.2. 
Primary PCR reactions were set up as detai led in section 2 .8 .1 . , with 2 \iL of 
purified cDNA as the template and 0.2 |aM Adaptor primer and 0.4 nM first 
nested HD degenerate primer. Single primer control reactions with either the 
Adaptor pr imer or the degenerate primer were also included. Touchdown PCR 
was then carried out using the fol lowing condit ions: initial denaturat ion at 94°C 
for 2 minutes, fol lowed by single cycles of 1 minute denaturation at 94°C, 1 
minute anneal ing at 65°C down to 56°C in 1°C increments, and a 1 minute 
extension at 72°C. Following this, 30 cycles of 94°C for 1 minute, 55°C for 1 
minute and 72°C for 1 minute were performed fol lowed by a final extension of 
10 minutes at 72°C. 
15 |iL of each reaction was analysed by gel electrophoresis and the DNA was 
transferred to membrane by Southern blott ing. A 1/10 dilution of the primary 
reaction products was made and used for secondary PCR with the second 
nested HD degenerate primer. Again, single primer reactions were included. 
The reaction mixture and the PCR condit ions were as above except that only 20 
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cycles at the final anneal temperature were carried out. 15 ^L of each 
secondary reaction was analysed by gel electrophoresis and the DNA 
transferred to membrane by Southern blotting. 
The primary and secondary PCRs were then repeated using touchdown 
condit ions that started 10°C above final anneal temperatures of 50°C and 45°C. 
All of the primary and secondary products for these reactions were also 
analysed by gel electrophoresis and transferred to membranes by Southern 
blotting. 
The southern blots were then hybridised to the homeobox region of the 
Arabidopsis SHOOTMERISTEMLESS (STM) gene. Probe was prepared by 
PCR as detailed in section 2.6.4 using the pCR®2.1::STM plasmid and the MHF 
and MHRT primers. Probe was hybridised to the blots using the Church system 
and washed to approximately 7 0 % stringency. The membranes were exposed 
to autoradiography fi lm for 5 days. 
2.11 5' R A C E 
5' RACE (Random Amplif icat ion of cDNA Ends) is used to obtain the sequence 
of the 5' end of a partial transcript i.e. upstream of the known region. In this 
study, 5' RACE was used to clone the 5' end of the KNAT6 transcript. This 
method involves the addit ion of an adaptor sequence to the 3' end of the cDNA 
(i.e. the 5' end of the transcript) fol lowing reverse transcription. A primer to this 
adaptor sequence can then be used in subsequent PCR reactions along with a 
gene specif ic primer. 
2.11.1 S y n t h e s i s and tailing of cDNA 
Ol igonucleot ides 
5'RACE 1: C C A A A G C A A G A A G A A G G A A C A A C C 
Method 
Poly(A)* RNA was isolated f rom total root RNA (Columbia ecotype) as 
descr ibed in sections 2.5.5 and 2.5.9. The 5 ' RACE 1 was used to synthesise 
cDNA from 2.5 [ig of Poly(A)'^ RNA as described in sections 2 .9 .1 , The cDNA 
was then purified as described in section 2.9.2. 
A homopolymeric A-tail was added to the 3' end (i.e. 5' end of transcript) of the 
purified cDNA using the enzyme terminal transferase (Promega Ltd.). In a 
sterile Eppendorf, 16.5 i iL of the purified cDNA was mixed with 5 ^iL of 5x TdT 
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reaction buffer and 2.5 |j,L of 2 m M dATP. The sample was heated at 94°C for 3 
minutes to denature RNA secondary structure and snap cooled on ice. 
Following brief centrifugation to collect the sample, 1 |iL (10 units) of terminal 
transferase was added to the tube and mixed. The reaction was incubated for 
30 minutes on ice fol lowed by 10 minutes at 37°C. After the reaction, the 
terminal transferase was inactivated by incubation at 70°C for 10 minutes. The 
sample was used in PCR without further purif ication. 
2.11.2 Isolation of the KNAT6 5' region by 5' R A C E 
Ol igonucleot ides 
• 5 ' RACE 2: CCTCTAGTAAACACGCTATCTCC 
• 5 ' RACE 3: G C T T G A A G T A A G C G A G G A T A C G 
• 0//go d(T) Adaptor. 
CTTATACGGATATCCTGGCAATTCGGACTTTTTTTTTTTTTTTTT(A 
/G/C) 
• Adaptor. CTTATACGGATATCCTGGCAATTCGGACTT 
Method 
5 ]x\ of the tailed cDNA from section 2.11.1 was used in a standard PCR 
reaction with 0.2 ^ M 5 ' RACE 2 and 0.2 ^iM of the 0//go d(T) Adaptor primer. 
The PCR condit ions consisted of an initial denaturation of 2 minutes at 94°C 
fol lowed by 35 cycles of 94°C for 1 minute, 55°C for 1 minute and 72°C for 1 
minute. A f inal extension of 72°C for 10 minutes was then performed. 15 i^L of 
the primary products were analysed by gel electrophoresis. 
Secondary PCR was then performed using 1 ^L of a 1/20 dilution of the primary 
PCR products as the template with the Adaptor primer and 5 ' RACE 3. 
Condit ions were as for the pr imary react ion, but with 30 cycles at an anneal 
temperature of 60°C instead of 35 cycles at an anneal temperature of 55°C. 
15 i^L of the secondary PCR products were analysed by gel electrophoresis. A 
band of approximately 500 bp was seen as expected so the products were 
shotgun cloned into the p C R ® 2 . 1 - T 0 P 0 vector as described in section 2.7.4. 
Plasmids containing inserts were identified by colony PCR and sequenced. 
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2.12 Semi-quantitative Reverse Transcriptase-mediated Polymerase Chain 
Reaction (RT-PCR) 
Semi-quantitative RT-PCR is a PGR based method that allows the semi-
quantitative determination of transcript levels in a set of RNA samples. The 
technique relies on the selection of a standard transcript e.g. a constitutively 
expressed actin or tubulin gene, which can act as a "loading control" with which 
to compare the gene of interest. Primers with similar annealing temperatures 
that give products of similar lengths are used to amplify the control gene and 
the gene of interest from a standard amount of RNA. The Access RT-PCR 
System from Promega was used for the RT-PCR reactions. 
Oligonucleotides 
• /ACTFor GATCCTAACCGAGCGTGGTTAC 
• / \ C r R e v : GACCTGACTCGTCATACTCTGC 
• HD Exon 1: GTTTCCTTCCGATTACCAAGC 
• HD Exon 4 Rev: GCAACCTATCTTTGAGGTCC 
Method 
RNA extractions from tissue samples using the Qiagen RNeasy kit were carried 
out as described in section 2.4.6. The resulting total RNA was quantified by 
spectrophotometric analysis according to the protocol given in section. 2.4.10. 
2 fig of each RNA sample was then treated with RQ1 RNase-free DNase 
(Promega) as follows: 2 of 5x AMV/Tf/ buffer from the Access RT-PCR 
System was mixed in a sterile 0.5 mL Eppendorf tube with 2 |ag of RNA and 2 
units of DNase in a volume of 10 |iL. After incubation at room temperature for 
15 minutes the reaction was stopped by the addition of 1 |iL of stop solution. 
The DNase was then heat inactivated by incubation at 65°C for 10 minutes. 
The DNased RNA was then used for RT-PCR reactions. The following 
components were mixed in an 0.5 mL Eppendorf and the volume made up to 50 
|il with sterile distilled water: 1 ^g of RNA, 1 of each primer, 1 ^iL of 10 mM 
dNTPs, 2 laL of 25 mM MgS04, 5x AMV/Tf/ buffer to give a final concentration of 
1x buffer (taking into account the amount transferred from the DNase step 
above) 5 units of AMV reverse transcriptase and 5 units of 7/7 DNA polymerase. 
Negative controls were carried out by omitting the AMV reverse transcriptase 
from the reactions. Reactions were then layered with mineral oil and placed in a 
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PGR machine on the following programme: cDNA synthesis was carried out at 
48°C for 45 minutes followed by reverse transcriptase inactivation and 
DNA/RNA denaturation at 94°C for 2 minutes. The PGR amplification consisted 
of 40 cycles of denaturation at 94°G for 1 minute, primer annealing at 55°G for 1 
minute and extension at 72°G for 1 minute. A final extension of 10 minutes at 
72°G was then performed before the samples were held at 4°G. 10 i^l of each 
RT-PGR was then analysed by gel electrophoresis. 
Chapter 3 Isolation of KNAT6 
The original aim of the project was to isolate a novel homeobox gene from 
Arabidopsis root. As homeobox genes were known to be involved in a variety of 
developmental processes in the shoot, it was hypothesised that homeobox 
genes were also involved in root development. A 3' RACE strategy was adopted 
to isolate a novel homeobox gene family. This strategy is shown in Figure 3a. 
3.1 Growth of tissue for RNA extraction 
It was hypothesised that an experimentally induced increase in the number of 
lateral roots would lead to a corresponding increase in root and root meristem 
transcripts. cDNA obtained from this tissue would therefore be enriched for root 
and root meristem sequences. Previous work in this and other labs has 
indicated that the growth of Arabidopsis seedlings in the presence of the 
synthetic auxin analogue NAA (a-naphthalene-acetic acid) leads to an increase 
in the number of lateral roots which are initiated (Topping and Lindsey, 1997, 
Laskowski ef a/., 1995). To confinn this, Columbia ecotype Arabidopsis 
seedlings were surface sterilised and germinated on !4 MS10 soft set [Yz MS 10 
SS) medium. 9 days after germination (DAG), the seedlings were transferred to 
'A MS10 SS supplemented with either 0.25 NAA, 2.5 NAA, 5 |aM NAA or 
10 \iM NAA. After 5 days growth on the NAA containing medium, whole 
seedlings and the root tips were examined and photographed as described in 
section 2.3.1. 
The addition of 0.25 |aM NAA to the medium led to an increase in the root 
system and an increase in number of laterals. The addition of NAA from 2.5 i^ M 
to 10 laM led to a large increase in the number of lateral roots that were initiated, 
although elongation of the primary root was inhibited and the laterals did not 
elongate (Figure 3.1a). Examination of seedlings under high power indicated 
that the lateral root meristem was still formed, as indicated by a dense area of 
cells at the root tip. 
Following this preliminary experiment, it was concluded that treatment of 
seedlings on NAA led to the increased initiation of lateral roots, and that these 
laterals still possessed a root meristem. Seedlings as a source of RNA for use 
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Figure 3a 3' RACE strategy 
AAAAAAAAAA mRNA 
RT with Oligo d(T)15 Adaptor 
"XXXXXXXX n K I A 
AAAAAAAAAA f"RNA 
Primary PGR with Adaptor primer 





1 I I I I I I I I I I-XXXXXXXX 
cDNA 
Secondary PGR with adaptor 








Secondary PGR product 
Figure 3.1a Effect of the synthetic auxin analogue N A A on root 
growth in wild type Arabidopsis var. Gol-0 
(i) 14 day old Arabidopsis, no treatment 
(ii) 14 day old Arabidopsis, treated for 5 days on 1 0 | j M N A A . 
in 3' RACE were grown for 9 days on MS10 SS and then transferred to 
MS10 SS supplemented with 10 lalVI NAA and grown for a further 5 days. 10 i^ M 
NAA was chosen as it led to the maximum increase in the number of lateral 
roots initiated. Roots from these 14 day old seedlings were then excised, flash 
frozen in liquid nitrogen and stored at -80°C until required for RNA extraction. 
3.2 Primer design for use in 3' RACE 
The GenBank database (http://www.ncbi.nlm.nih.gov) was searched using 
BLAST and Entrez programmes to obtain the DNA and protein sequences of 
Arabidopsis homeobox genes. The genomic homeobox sequences which were 
retrieved from the database fell into two categories - those which had 
experimental evidence available either as published data or as they matched 
ESTs from the EST sequencing projects, and those which are putative genes 
generated by analysis using GeneScan software. At the time of primer design, 
41 Arabidopsis homeobox gene sequences were retrieved, 31 of which had 
published data available and 10 that were GeneScan predicted genes. 
Not all of these putative homeobox genes were included in the alignments. 
Sequences were only used if they had some experimental evidence such as 
published data or an associated EST, or if they were specifically annotated as 
homologues of a known homeobox gene. Alignments were performed using the 
MegAlign programme (Clustal method) that is part of the DNAstar suite of 
programmes (http://www.dnastar.com). 
Alignment of all of these sequences (Figure 3.2a) showed that they fell into the 
seven families described in the literature (section 1.4.2) i.e. HD-KN7, HD-SEL, 
HD-PHD FINGER, HD-ZIP I, HD-ZIP II. HD-ZIP III and HD-GL2. Due to 
differences in the sequences outside the homeobox region, this alignment was 
not useful for primer design as the homeobox regions did not align. 
For primer design, alignments were initially performed for each family using the 
complete coding sequence (experimental or predicted). However, for some 
families (HD-PHD FINGER, HD-ZIP III and HD-GL2) alignment of the complete 
coding region still did not result in the alignment of the homeobox region. For 
these three families, the coding region of the homeobox only was aligned. 
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Figure 3.2a Clustal alignment of all homeobox genes 
used for primer design 
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The resulting alignments were used to design nested fon/vard primers in the 
homeobox region for use in 3' RACE. The longest possible primers were 
chosen, with primer length being at least 18 bases. To increase the stability of 
the interaction between the degenerate primer and the target sequence, 
preference was given to primers with a non-degenerate 3' end of at least 3 
bases, with the final one or two nucleotides being G or C. Where the 
degeneracy at a given position in the alignment was greater than or equal to 3, 
the synthetic nucleotide inosine (I) was used (inosine will anneal to A, T, G or 
C). Two nested degenerate primers were designed for each family. The 1^' (5') 
nested primer was denoted 1 and the 2"^ (3') nested primer was denoted 2. 
In addition, a PolydT primer with an Adaptor sequence, and a primer to the 
Adaptor sequence were also synthesised. These primers had been used 
previously in this lab (S. Casson, pers. comm.). 
3.3 Synthesis of cDNA for use in 3' R A C E 
Total RNA was prepared from the NAA-treated Arabidopsis root tissue (section 
3.1) using the Guanidine hydrochloride method (section 2.4.5). As degenerate 
primers were being used for the 3' RACE, Poly(A)'" was prepared as detailed in 
section 2.4.9 so as to remove as many non-coding RNA sequences (e.g. tRNA 
and rRNA) as possible in case these were amplified non-specifically during 
PCR. 
cDNA was synthesised from the Poly(A)* using the 0//go d(T)15 Adaptor primer 
according the protocol given in section 2.9.1. The integrity of the cDNA was 
checked by standard PCR (section 2.8.1) using 2 i^ l of cDNA and primers to the 
Arabidopsis ACTIN1 {ACT1) and Constitutive Triple Response (CTR) genes. 
PCR products of the expected sizes were obtained (700 bp for the CTR 
transcript and 600 bp for the ACT transcript), indicating that cDNA synthesis 
was successful. 
3.4 3' RACE strategy for isolation of novel homeobox genes from root 
Primary PCR reactions were carried out using 2 (il of cDNA produced as 
described in section 3.3. For each homeobox family, PCR with nested 
degenerate primer 1 and the Adaptor primer was performed. Reactions using 
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the ACT1 primers were included to show that the reaction conditions were 
viable for amplification. 
To calculate the extension time for the PCR reactions, the expected product 
sizes for each homeobox family were estimated using the alignments produced 
in section 3.2 and allowing 200 bp for the 3' UTR. These sizes are shown in 
Table 3.4a. 
Table 3.4a Expected size of homeobox 3' RACE products 
Homeobox family Expected product size inc. 3' UTR 
HD-SEL 850 bp 
HD-KN1 400 bp 
HD-PHD 1400 bp 
HD-ZIP 1 900 bp 
HD-ZIP II 700 bp 
HD-ZIP III 2400 bp 
HD-GL2 2200 bp 
The PCR reactions were carried out using an extension time determined by the 
longest expected product i.e. that for HD-ZIP III, giving an extension time of 2 
minutes 30 seconds. Two sets of modified PCR conditions, [A] and [B], were 
used for primary PCR with each HD degenerate nested primer 1 and the 
Adaptor primer as detailed below. 
PCR conditions 
[A] After the initial denaturation step at 94°C, amplification was carried out by 5 
cycles with annealing at 42°C, 5 cycles annealing at 52°C and then 30 cycles 
annealing at 60°C. A final extension of 10 minutes at 72°C was then performed. 
[B] After initial denaturation of 2 minutes at 94°C, amplification was carried out 
by 5 cycles with annealing at 72°C, 5 cycles annealing at 65°C and then 30 
cycles annealing at 55°C. A final extension of 10 minutes at 72°C was then 
performed. 
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The secondary reactions were carried out using 1 nl of a 1/20 dilution of the 
primary products with the nested degenerate primer 2 and the Adaptor primer. 
The conditions were as above but with only 20 cycles at the final anneal 
temperature. 
3.5 Analysis of preliminary 3' RACE products 
The products of these reactions were analysed by gel electrophoresis (Figure 
3.5a). The reactions carried out under the [A] conditions resulted in few clear 
bands in either the primary or secondary reactions. The reactions carried out 
under the [B] conditions yielded duplicated bands of the same size in all of the 
reactions, regardless of the homeobox primer used. As only a few unique bands 
could be identified by eye, the products were analysed by hybridisation to the 
homeobox region of the Arabidopsis SHOOTMERISTEMLESS {STM) gene. 
PGR products from the gels were transferred to membrane by Southern 
blotting. 
The STM probe was prepared by standard PGR amplification (section 2.8.1) of 
the STM homeobox region from the pGR®2.1::STM plasmid using the MIHF and 
MI-IRT primers. The PGR product was purified from a gel using the QIAquick® 
Gel Extraction kit (section 2.4.7) and then radioiabelled with [^^P]a-dGTP 
(section 2.6.4). 
Prehybridisation and hybridisation was carried out using the Ghurch method 
(section 2.6.5). Blots were washed to approximately 70% stringency and 
exposed to autoradiography film as detailed in sections 2.6.8 and 2.6.10. No 
hybridising bands were revealed. 
To confirm that no homeobox gene fragments had been amplified by PGR, 
seven reaction products were selected for further analysis as follows. The ZIP 
III 1 primer bands produced under [A] conditions were selected as they were the 
only clear unique bands obtained under these conditions with any HD 
degenerate primers. The ZIP III 1 products obtained under the [B] conditions 
included a further unique band. The ZIP 11 bands were selected as an example 
of apparently duplicated bands in the primary and secondary reactions to test 
whether the nested primers were working as expected 
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Figure 3.5a Analysis of preliminary 3' RACE products 
(i) Primary PCR products, [A] and [B] conditions 
1 2 3 4 5 6 7 8 9 10 11 121314 1516 
(ii) Secondary PCR products, [A] and [B] conditions 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 1516 
Figure 3.5b Analysis of preliminary 3' RACE products 
1 2 3 4 
20 |il of each reaction was separated by gel electrophoresis and specific bands 
were cut out, purified using the QIAquick® Gel Extraction kit and cloned into 
pCR®2.1-T0P0 (sections 2.7.4 and 2.7.7). The universal primers /W^3F and 
M13R were used to check insert size by colony PCR and to sequence the 
plasmids. 
The bands that were purified are shown in Figure 3.5b, and are detailed in 
Table 3.5a below. 
Table 3.5a PCR reaction and bands cloned into pCR®2.1-TOPO 
PCR reaction HD primer Band sizes Arrow number in 
(kb) Figure 3.5b 
Primary PCR, [A] ZIP III 1 1.0 1 
conditions 0.85 2 
Primary PCR, [B] ZIP 11 1.05 3 
conditions 0.8 4 
Primary PCR, [B] ZIP III 1 0.65 5 
conditions 
Secondary PCR, [B] ZIP 12 1.05 6 
conditions 0.8 7 
Sequencing revealed that some of these products were double primed by the 
Adaptor primer (or possibly by the Oligo d(T)15 Adaptor primer and the Adaptor 
primer) or that the degenerate HD primers had amplified non-specific products. 
Table 3.5b shows the sequencing results. 
The three apparently unique bands obtained using the ZIP III 1 primer were 
shown to be non-specific products. Although single bands had been purified 
from the gel, sequencing revealed that these bands were mixtures of different 
products as different sequences were obtained from apparently duplicated 
bands in the primary and secondary reactions. This is illustrated by comparing 
the sequences obtained using the ZIP I primers: in the primary PCR reaction 
with ZIP / 7, the 0.8 kb band was an unknown protein but in the secondary PCR 
reaction with ZIP I 2, the 0.8 kb fragment was tRNA-Leu. Similarly, in the 
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primary PCR reaction with ZIP 11, the 1.05 kb band was a peroxidase but in the 
secondary PCR reaction with ZIP I 2, the 1.05 kb fragment was an unknown 
protein. 
Table 3.5b Sequencing of preliminary PCR products 
PCR product Sequence and primers 
[A] conditions, ZIP III 1, 0.85 Unknown protein 
kb band ZIP III 1 + Adaptor 
[A] conditions, ZIP 1111, ^ .0 kb Peroxidase 
band ZIP III 1 + Adaptor 
[B] conditions, ZIP 11, 0.8 kb Unknown protein 
band Adaptor + Adaptor 
[B] conditions, ZIP 11, 1.05 kb Peroxidase 
band Adaptor + Adaptor 
[B] conditions, ZIP III 1, 0.65 Putative ribosomal protein 
kb band ZIP III 1 + Adaptor 
[B] conditions, ZIP 12, 0.8 kb tRNA-Leu 
band Adaptor + not determined 
[B] conditions, ZIP 12, 1.05 kb Unknown protein 
band Adaptor + Adaptor 
As mixtures of products had been cloned, but only single clones had been 
sequenced, PCR was carried out on the purified fragment mixtures (Table 3.5a) 
to ensure that no specific products had been missed. For each of the seven 
purified pools of fragments, PCR was carried out using the second nested 
degenerate primer and the Adaptor primer. Single primer reactions were 
included to allow products primed twice by the same primer to be identified. All 
of the reactions showed the same size product in the Adaptor only and the 
Adaptor + HD primer reactions apart from the reamplification of the 850 bp 
fragment originally obtained with the Adaptor and ZIP III 1 primers under [A] 
conditions. The products are shown in Figure 3.5c. This product was cloned and 
sequenced as before but was found to be another peroxidase. 
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Figure 3.5c Reamplification of purified PGR products 





Reamplification of purified PGR products using a secondary 
nested PGR primer. 
Lane Purified fragment Primer 1 Primer 2 
1 ZIPII11 [A] 1 kb band ZIPIII2 
2 ZIPII11 [A] 1 kb band - Adaptor 
3 ZIPII11 [A] 1 kb band ZIPIII 2 Adaptor 
4 Z/P/ / /^ [A] 850 bp band ZIPIII 2 
5 Z/P// /1 [A] 850 bp band - Adaptor 
6 Z/P///7 [A] 850 bp band ZIPIII 2 Adaptor 
7 Z /P /7 [B ] 1.05 kb band Z/P/2 
8 ZIP11 [B] 1.05 kb band - Adaptor 
9 ZIP11 [B] 1.05 kb band ZIPI 2 Adaptor 
10 Z / P / t / B ] 800 bp band Z/P/2 
11 Z /P /1 [B] 800 bp band - Adaptor 
12 Z/P/7 [B] 800 bp band Z/P/2 Adaptor 
13 Z/P///7 [B] 650 bp band Z/P///2 
14 Z/P// /1 [B] 650 bp band - Adaptor 
15 Z/P///7 [B] 650 bp band ZIPIII 2 Adaptor 
16 ZIPI 2 [B] 1.05 kb band ZIPI 2 
17 ZIPI 2 [B] 1.05 kb band - Adaptor 
18 ZIPI 2 [B] 1.05 kb band ZIPI 2 Adaptor 
19 ZIPI 2 [B] 800 bp band ZIPI 2 
20 Z/P/2 tB] 800 bp band - Adaptor 
21 Z/P/2 [B] 800 bp band Z/P/2 Adaptor 
Although unsuccessful in isolating a novel homeobox gene, this preliminary 
experiment gave useful information that led to the development of the PCR 
conditions that did allow the amplification of a novel homeobox gene. 
3.6 Modification of the 3' R A C E strategy 
It was thought possible that the presence of the 0//go d(T)15 Adaptor primer 
which was used for cDNA synthesis may be interfering with the 3' RACE 
reactions. Therefore, cDNA was prepared as detailed in section 3.3 and then 
purified away from this primer using High Pure PCR Product Purification kit as 
detailed in section 2.9.2. The amount of degenerate primer in each reaction was 
also increased from 0.2 to 0.4 jxM with the amount of Adaptor primer being 
kept at 0.2 )iM. To help identify double primed products single primer reactions 
were included. 
It was decided not to use the ZIP III primers as they consistently amplified 
peroxidase sequences. The remaining sets of primers were then divided into 
two groups depending on expected size of the product and were used under 
separate reaction conditions. HD-BEL, HD-KN1, HD-ZIP I and HD-ZIP II 
primers were used with an extension time of 1 minute and HD-PHD and HD-
GL2 primers were used with an extension time of 2 minutes 30 seconds (refer 
to Table 3.4a). 
As the [A] PCR conditions did not give many clear bands in the reaction 
products, it was decided to use the [B] conditions. These were further modified 
and separate PCR reactions were carried out at three final anneal temperatures 
(see section 2.10.1). 
The primary and secondary PCR products that were obtained were analysed by 
gel electrophoresis. An example of these products (obtained using BEL, KN1, 
ZIP I and ZIP II primers with annealing at 50°C) is shown in Figure 3.6a. In 
these reactions, duplicate bands can be seen in reactions using the Adaptor 
primer only and reactions using the Adaptor and degenerate primers (examples 
of duplicate bands indicated by arrowheads on Figure 3.6a part (ii)). However, 
some unique bands can also be identified, most notably in the secondary PCR 
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Figure 3.6a Typical primary and secondary PCR products 
obtained using modified PCR conditions 
(i) Primary PCR products 
1 2 3 4 5 6 7 8 9 10 11 12 
1 kb 
(ii) Secondary PCR products 
1 2 3 4 5 6 7 8 9 10 11 12 
1 kb 
products obtained using the Adaptor primer in combination with the KN1 2 
primer (arrows on Figure 3.6a part (ii)). 
These PGR products were transferred to membranes and hybridised to the 
STM probe as before. Again, membranes were washed to approximately 70% 
stringency before being exposed to autoradiography film. 
3.7 Analysis of modified 3' RACE products and isolation of a novel 
iiomeobox gene 3' fragment 
One putative positive was identified by Southern hybridisation. A band of 
approximately 300 bp was identified in the secondary reaction using the KN1 
second nested degenerate primer {KN1 2) and the Adaptor primer when 
annealing was carried out at 50°C. 20 i^l of this secondary PGR reaction as well 
as the single primer controls were separated by gel electrophoresis and 
examined. The block containing the band of interest was cut out and purified 
using the QIAquick® Gel Extraction kit. Re-amplification of the positive from this 
pool of fragments was attempted using the secondary PGR conditions 
described in section 2.10.1 using the KN1 2 and the Adaptor primers. Single 
primer reactions were included. 
After reamplification, the reaction products were examined (Figure 3.7a) but 
although there was a product of approximately the right size (300 bp) in the 
reaction using both the KN1 2 and the Adaptor primers (and this band did not 
appear in the single primed reactions), the band was not clean. Therefore, the 
PGR reaction products obtained with both the KN1 2 and the Adaptor primers 
were shotgun cloned into pGR®2.1 TOPO. A positive colony was identified by 
colony hybridisation (section 2.6.3) using the STM probe with hybridisation and 
wash conditions as described in section 3.5. Plasmid DNA was prepared from 
the positive colony and sequenced with the universal primer M13F. Sequencing 
revealed that the hybridising band was the 3' end of a novel Arabidopsis 
homeobox gene. 
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Figure 3.7a Reamplification of secondary PGR products 
containing a band wliicli hybridised to STM 
300 bp 
Lane 1: Adaptor primer only 
Lane 2: KN1 2 primer only 
Lane 3: Adaptor and KN1 2 primers 
The arrow indicates the putative hybridising 
band 
3.8 Identification of the coding region oi KNAT6 
The fragment hybridising to the STM probe identified in section 3.7 is part of the 
last exon and 3' UTR of a novel homeobox gene and was assigned to a 
predicted GeneScan gene on chromosome 1 (GenBank Accession numbers 
AC007945 and AC005292, available at http://www.ncbi.nlm.nih.gov). These two 
chromosomal sequences were aligned and shown to overlapping, indicating 
that there was a single copy of this region rather than a duplicated gene on 
different parts of the chromosome. The predicted gene was annotated as a 
homologue of the homeobox gene ATK1 (Dockx et a/., 1995). ATK1 (also 
isolated as KNAT2, (Lincoln et a/., 1994)) is a class 1 KNOX gene (section 
1.4.2). There were no ESTs available for this gene at the time of identification. 
The position of the homeobox gene fragment, designated KNAT6 within the 
GenBank predicted gene is shown in Figure 3.8a. 
The predicted coding region of the gene was used to design PGR primers to 
amplify the rest of the KNAT6 coding sequence (Figure 3.8b). One forward 
primer was designed to each exon (HD Exon 1 to HD Exon 5) and two reverse 
primers were designed to the 3' UTR (3' UTR-51 and 3' UTR-116). As the 
predicted KNAT6 coding sequence was most similar to the ATK1/KNAT2 coding 
sequence, alignment to ATK1/KNAT2 was used for primer design to ensure that 
the primers were as specific for KNAT6 as possible. 
Expected product sizes using these primers were determined and are shown in 
Table 3.8a. 
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Figure 3.8a Position of cloned KNAT6 fragment within the 
GenBank predicted genomic region 
~ 1 k h I 
I 5' flanking sequence 
i Exon 
- Intron 
I 3' flanking sequence 
I Cloned KA//^76 fragment 
Figure 3.8b Positions of primers used to isolate the KNAT6 
coding region 
HDExom HDExonl HD Exon3 HDExon4 HD ExonS 
3-UTR-51 3'UTR-116 
• I Exon 
- Intron 
• 3'flanking sequence 
Table 3.8a Expected product sizes using 3' UTR and exon primers 
Primer combination Product size with 
cDNA template (bp) 
Product size with genomic 
DNA template (bp) 
HD Exon 1 + 3' UTR-51 1091 4991 
HD Exon 2 + 3' UTR-51 817 4573 
HD Exon 3 + 3'UTR-51 665 4337 
HD Exon 4 + 3' UTR-51 490 579 
HD Exon 5 + 3' UTR-51 221 221 
HDExon 1 + 3'UTR-116 1155 5055 
HD Exon 2 + 3'UTR-116 881 4637 
HDExon 3+ 3'UTR-116 729 4401 
HDExon 4+ 3'UTR-116 554 643 
HD Exon 5+ 3' UTR-116 285 285 
PGR was carried out using both purified cDNA (from section 3.6) and genomic 
DNA (ecotype C24, prepared using Phytapure kit, section 2.4.3) as a template. 
Reactions with each exon primer and the 3' UTR-51 primer and with each exon 
primer and the 3' UTR-116 primer were carried out under standard PGR 
conditions. 
The reaction products are shown in Figure 3.8c. In most cases, the expected 
product sizes were obtained. The amplification of the gene from genomic DNA 
did not work with the 3' UTR-116 primer and the HD Exon 1, HD Exon 2 or HD 
Exon 3 primers, or with the 3' UTR-51 and the HD Exon 1 primers. The 
amplification of the largest fragment (with the HD Exon 1 primer and a 3' UTR 
primer) may have failed as the Taq Polymerase may not be able to efficiently 
amplify such a large fragment and it appears that the 3' UTR-116 primer did not 
work with the HD Exon 2 or HD Exon 3 primers. Furthermore, the reactions with 
the HD Exon 4 primer and either of the 3' UTR primers resulted in a doublet 
rather than a single product when cDNA was used as the template. 
The products from the 3' UTR-116 primer and either the HD Exon 1, 2 or 3 
primers using the cDNA template were shotgun cloned using the TOPO-TA 
PGR II cloning kit (section 2.7.4). Inserts were checked by colony PGR (section 
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Figure 3.8c Amplification of KNAT6 coding region by PGR 
(i) Amplification using the 5' UTR-51 primer 
1 2 3 4 5 6 7 8 9 10 
6 k b 
1 kb 
(1) Amplification using the 5' UTR-116 primer 
1 2 3 4 5 6 7 8 9 10 
1 kb 
2.8.1) using the 3' UTR-51 primer and the corresponding HD exon primer. 
Bacterial colonies containing inserts of the expected size were used to prepare 
plasmid. The plasmid containing the insert using the HD Exon 1 primer was 
sequenced with the universal primers M13F and M13R. The plasmids 
containing inserts using the HD Exon 2 and 3 primers were sequenced with the 
universal primer M13F. 
The sequencing indicated that the cloned fragments were longer fragments of 
the KNAT6 coding region. Sequencing errors were corrected to the GenBank 
genomic sequence, and the sequences were assembled to make a contig of the 
coding region. Alignment of the contig produced by experimental evidence with 
the GenBank sequence (Accession AG007945) revealed that the splice sites 
predicted by GeneScan were incorrect. The experimental and predicted coding 
sequences are shown in Figure 3.8d. 
The HD Exon 4 primer site was located over an intron/exon boundary and may 
explain why a doublet rather than a single band was seen where PGR was 
peri'ormed on cDNA using this primer. The two bands that were obtained using 
cDNA as a template corresponded to the expected bands for cDNA and 
genomic templates. Therefore, it was likely that the larger band was produced 
by amplification of contaminating genomic DNA, and the smaller band was 
produced by inefficient amplification of the cDNA template by the HD Exon 4 
primer as only 3' end of primer matches cDNA sequence. 
3.9 Isolation of the 5' end of KNAT6 by 5' R A C E 
Having isolated the majority of the coding region by PGR, the extreme 5' end of 
the KNAT6 transcript was identified using 5' RAGE (Random Amplification of 
cDNA Ends). The 5' RAGE method is detailed in section 2.11. Primers for use in 
5' RAGE were designed with reference to the ATK1/KNAT2 sequence to ensure 
that they were as specific as possible for the KNAT6 transcript. Based on the 
position of the predicted ATG in the database, and allowing 200 bp for the 5' 
UTR, a product of approximately 300-500 bp was expected from the 5' RAGE 
reactions. Figure 3.9a shows the positions of the primers used for 5' RAGE as 
well as a schematic of the process. 
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Figure 3.8d Predicted vs experimental coding sequences 
Predicted sequence 
Experimental sequence 
~ 1 kh 
• Exon 
— Intron 
H 3'flanking sequence 
^ Site of splice prediction error 
Figure 3.9a Primer positions and 5' RACE strategy 
(i) Primer positions 
5-RACE 4^ Probe 
(ii) 5' RACE strategy 
cDNA synthesis 







5' end of KNAT6 coding 
sequence 







Addition of a homopolymeric A-
tail using terminal transferase 
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Poly(A)* RNA from roots treated with 10 |iM NAA (prepared as in sections 2.4.5 
and 2.4.9) was used as the template for cDNA synthesis using the 5' RACE 1 
primer. The cDNA was then purified and a homopolymeric A-tail was added to 
the 3' end (i.e. the 5' end of the transcript). Primary PGR was carried out using 
the 5' RACE 2 primer and the 0//go d(T)15 Adaptor primer. Gontrol reactions 
using the 5' RACE 4 primer with either 5' RACE 1 or 5' RACE 2 were included. 
The PGR products were examined by gel electrophoresis and are shown in 
Figure 3.9b. A smear can be seen in the 5' RAGE reaction as expected. 
However, the controls did not give the expected products (a band of 263 bp was 
expected with the 5' RACE 1 primer, and a band of 205 bp was expected with 
the 5'f?>ACE2primer). 
Despite the failure of the control reactions, secondary 5' RAGE PGR was 
performed using 1 |il of a 1/20 dilution of the primary PGR products as the 
template with the Adaptor primer and 5' RACE 3 primer. Various control 
reactions using both the primary 5' RAGE PGR product and Gol-0 genomic DNA 
were also included as detailed in Table 3.9a. 
Table 3.9a Secondary 5' RAGE PGR reactions 
Tube Primer 1 Primer 2 Template Product size, bp 
1 Adaptor 5' RACE 3 Primary PGR products 300-500 
2 5'RACE 2 5'RACE 4 Primary PGR products 205 
3 5'RACE 1 5'RACE 4 Genomic DNA 407 
4 5'RACE 2 5'RACE 4 Genomic DNA 350 
5 5'RACE 3 5'RACE 4 Genomic DNA 150 
6 Probe F Probe R Genomic DNA 152 
7 5'RACE 3 5'RACE 4 Primary PGR products 263 
Reaction products are shown in Figure 3.9c. The secondary 5' RAGE reaction 
(Lane 1) has a band of approximately the correct size. Although the positive 
controls reactions 2-5 and 7 did not give the expected products, the control 
reaction 6 gave a band of the correct size, indicating that the 5' RACE 4 primer 
was not useful. 
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Figure 3.9b Primary 5' RACE PCR reaction products 
1 2 3 
600 bp 
Figure 3.9c Secondary 5' RACE PCR reaction products 
1 2 3 4 5 6 7 
500 bp 
Although a band of the expected size was produced in the secondary 5' RAGE 
reaction products, other PGR products were also present so the reaction was 
shotgun cloned into the pGR®2.1-T0P0 vector (section 2.7.4). Golonies were 
analysed by colony PGR using M13F and M13R primers to identify the longest 
5' UTR clone and using Probe F and Probe R primers to check that the inserts 
were specific. Figure 3.9d shows the results of the colony PGR. The expected 
sizes were approximately 700 bp using M13F and M13R, and 152 bp using the 
Probe F and Probe R primers. The four longest clones (1 , 2, 13, and 16) were 
selected and sequenced with M13F and M13R. All four sequences overlap with 
the KNAT6 contig obtained in section 3.8, with clone 13 being the longest. 
As this sequence obtained using 5' RAGE included the ATG that was predicted 
in GenBank, it was expected that the complete KNAT6 coding sequence had 
been isolated. The 5' RAGE experiment also indicated that the 5' UTR of the 
KNAT6 transcript was at least 364 bp long (based on the sequence of the 
longest fragment, clone 13). 
3.10 Isolation of the KNAT6 genomic sequence 
A forward primer (5' UTR+51) was designed in the 5' UTR of KNAT6 based on 
the experimentally determined KNAT6 sequence. This was used in conjunction 
with the 3' UTR-116 primer to amplify the 5.4 kb of the complete gene 
sequence from wild type Golumbia DNA using the Expand™ High Fidelity PGR 
system (section 2.8.2). Although the reaction product appeared to be of the 
correct size (Figure 3.10a), PGR was carried out with various KNAT6 specific 
primers on a 1/20 dilution of the PGR product to confirm that it was specific. 
Table 3.10a shows the primers used and the expected product sizes. 
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Figure 3.9d Golony PGR to identify specific 5' RAGE products 
Golony PGR on colonies 1-20 using either M13F and 
M13R (1a-20a, expected size approx. 700 bp) or Probe 
Fand Probe R (1b-20b, expected size 152 bp). 
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Figure 3.10a PCR amplification of the complete KNAT6 genomic 
sequence 
6 k b 
Amplification of the KNAT6 
genomic sequence with the 5' 
UTR+51 and 3' UTR-116 primers 
resulted in a 5.4 kb band as 
expected 




PCR indicated that the KNAT6 genomic region had been 
amplified. 
Lane Primer 1 Primer 2 Size 
1 Probe F 5'RACE1 479 bp 
2 Probe F - -
3 - 5'RACE1 -
4 HD Exon 4 3'UTR-116 579 bp 
5 HD Exon 4 - -
6 - 3'UTR-116 _ 
Table 3.10a PGR to check the KNAT6 genomic fragment 
Tube Primer 1 Primer 2 Expected size, bp 
1 Probe F 5'RACE 1 479 
2 Probe F - -
3 - 5'RACE 1 -
4 HD Exon 4 3' UTR-51 579 
5 HD Exon 4 - -
6 - 3' UTR-51 -
The products obtained by PGR were of the expected sizes (Figure 3.10b), 
indicating that the KNAT6 genomic fragment had been amplified. 
The 5.4kb product was then cloned directly into the pGR®2.1-T0P0 vector 
(section 2.7.4). Inserts were checked by colony PGR using the HD Exon 4 and 
3' UTR-51 primers and several putative positive colonies were used to prepare 
plasmids containing the KNAT6 genomic insert. These plasmids were digested 
with the restriction enzyme EcoRI that cleaves the pGR®2.1-T0P0 vector just 
outwith the cloning site to allow release of the inserted DNA fragment. The 
KNAT6 genomic sequence was found to have an internal EcoRI site, giving 
fragments of 2.2 kb and a 3.2 kb fragment on digestion. The size of the 
pGR®2.1-T0P0 vector is 3.9 kb. Figure 3.10c shows that the expected 
fragment sizes were obtained on digestion with EcoRI, indicating that the 
KNAT6 genomic sequence had been cloned. 
3.11 Summary 
This chapter describes the development of a 3' RAGE strategy that allowed the 
isolation of a novel homeobox fragment from NAA-treated Arabidopsis roots. 
This novel homeobox gene was found to be a member of the KN1 family of 
homeobox genes and has been designated KNAT6. Having Isolated this 
fragment, the availability of the complete Arabidopsis genome allowed the 
amplification of the majority of the KNAT6 coding region by PGR. The extreme 
5' end of the transcript was then isolated by 5' RAGE. Finally, the complete 
genomic fragment was amplified from Arabidopsis genomic DNA and cloned. 
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Figure 3.10c Digestion of cloned KNAT6 genomic 





Plasmid DNA from four colonies containing the 
KNAT6 genomic locus was digested with EcoRI. 
Two bands (of 2.2kb and 3.2 kb were expected, 
as well as a 3.9kb band corresponding to the 
pGR®2.1-T0P0 vector 
Future chapters will deal with analysis of the KNAT6 sequence as well as 
expression and functional analysis. 
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Chapter 4 Sequence Analysis of KNAT6 
This chapter describes the analysis of the KNAT6 genomic, coding and putative 
protein sequences as well as the identification of two isoforms of the KNAT6 
transcript that arise from a single genomic locus. 
4.1 Analysis of the KNAT6 genomic sequence to confirm that the complete 
KNAT6 coding sequence had been isolated 
Although the ATG predicted by GenBank was present in the 5' RACE products 
obtained in section 3.9 indicated that the complete KNAT6 coding region had 
been isolated, further analysis on the KNAT6 genomic region was performed in 
order to confimn this. 
4.1.1 Prediction of the KNAT6 ATG 
Examination of the sequence adjacent to the ATG predicted by GenBank 
revealed a second in-frame ATG 9 bases upstream. To determine which of 
these two ATGs was more likely to be the true ATG used for translation of the 
KNAT6 protein, the Kozak Scanning Hypothesis (Kozak, 1981) was used to 
predict which ATG was in the best context for translation initiation. 
The consensus sequence for translation initiation has been determined for 
dicotyledonous plants (Joshi ef a/., 1997). This consensus sequence was 
compared with the nucleotide sequences around the two possible KNAT6 
ATGs, with the ATG underlined in each case. 
-5 -4 -3 -2 -1 +1 +2 +3 +4 +5 +6 
5' A A A (%) A A I G G C T 3' Consensus 
5' T A C T T A T G G A T 3' 
Upstream 
ATG 
. ^ ^ _ Downstream 
5' A T G G A A I G T A C 3' 
ATG 
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The highest degree of conservation is seen at the - 3 and the +4 positions. 
Although neither sequence fits the consensus exactly, the upstream ATG 
shares the highly conserved G (67% of examined sequences) at the +4 position, 
whereas the downstream ATG has a T (12% of examined sequences) at this 
position. At the - 3 position, the upstream sequence contains a C (8% of 
examined sequences) whereas the downstream sequence contains a G (22% 
of sequences). Therefore, it is likely that the upstream ATG is the ATG used for 
translation initiation of the KNAT6 protein. 
Figure 4.1.1a shows the complete KNAT6 mRNA as determined experimentally. 
The coding sequence has been predicted based on the position of the ATG that 
is most likely to be used for translation of the KNAT6 protein. The position of the 
downstream ATG predicted by GenBank (Accession numbers AC007945 and 
AC005292) as being the likely ATG for translation is also indicated. 
4.1.2 Analysis of the region upstream of thie KNAT6 ATG 
Examination of 1 kb of genomic sequence upstream of the predicted KNAT6 
ATG revealed the presence of five small open reading frames (ORFs) which 
began with an ATG (Figure 4.1.2a). However, analysis of 4 kb of sequence 
upstream of the predicted ATG using the NetPlantGene server 
(http://www.cbs.dtu.dk/services/NetPGene, (Hebsgaard et a/., 1996)) which 
predicts splice sites (and therefore intron and exon positions) did not reveal any 
further likely upstream exons. It is possible that these upstream ORFs play a 
role in regulation of translation of the KNAT6 protein. This is discussed more in 
section 8.2.2. 
It was concluded that the complete KNAT6 coding region had been isolated 
from NAA-treated Arabidopsis root. 
Recently, a cDNA clone for KNAT6, RAFL 14-89-121 (GenBank Accession 
BT002930) was isolated. The sequence was available at GenBank 
(http://www.ncbi.nlm.nih.gov). The coding region of this clone supported the 
KNAT6 coding sequence isolated in this work. Note that the cDNA clone 
RAFL19-60-J07 (GenBank Accession AK118326) that was annotated as 
KNAT6 at the time of writing was actually the KNAT7 cDNA. 
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Figure 4.1.1a Experimentally determined KNAT6 mRNA 
with predicted ATG 
ATG TGA 
~ 500 bp 
• 5' UTR, 364 bp 
• Coding sequence based on predicted ATG, 974 bp 
• 3'UTR, 137 bp 
The ATG predicted by GenBanl< is underlined 
ATAACACAGCCTTGGACCTTTCTTAGATATATATGTTAGGAAGGCCTTAT 
CTCGACCTATGAAGCCTGAAGCTCCATTGAGCCTTTTAGCATATGTCCT 





























Figure 4.1.2a ORFs upstream of the KNAT6ATG 
The KNAT6ATG is shown in red 
The five ORFs which begin with an ATG are shown in 

























4.2 Positions of KNAT6 introns and exons 
The positions of the exons in the KNAT6 genomic sequence were determined 
by alignment with the experimental coding sequence obtained in sections 3.8 
and 3.9. The exact intron/exon boundaries were then assigned based on the 
splice site consensus as follows. 
In dicotyledonous plants, the sequence of the 5' and 3' splice sites are 
conserved and have the following consensus (Croy, 1993): 
5' splice site AAG.GTAAGT GCAG:GT 3' splice site 
Bold type indicates the exon bases, standard type indicates the intron bases 
and the colons indicate the intron/exon boundaries. The GT at the 5' of the 
intron and the AG at the 3' end of the intron are the most highly conserved 
positions in the consensus sequence. The genomic sequence for KNAT6 with 
the intron and exon positions marked is shown in Figure 4.2a. 
NetPlantGene analysis was also carried out using the complete genomic 
sequence for KNAT6 including 2 kb of upstream sequence. This confirmed the 
intron and exon positions shown in Figure 4.2a. 
The positions of introns in KNAT6 are as expected for a Class 1 KNOX gene 
(see section 1.4.2.1). 
4.3 The KNAT6 predicted protein sequence shows conservation with other 
KNOX family members 
The identification of the complete coding sequence for KNAT6 allowed the 
protein sequence of this gene to be predicted. Various domains were conserved 
between this gene and other family members. The KNAT6 predicted protein 
sequence contained all of the protein domains previously identified in Class 1 
KNOX genes (Figure 4.3a). The roles of these domains were discussed in 
section 1.4.2.2. The three additional amino acids in the KNAT6 homeodomain 
that are characteristic of all the TALE superfamily genes are also indicated on 
the KNAT6 predicted protein sequence in Figure 4.3a. 
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Figure 4.2a Positions of exons in KNAT6 genomic 
sequence 
Exons are in red 



































































































Figure 4.3a KNOX Class 1 family protein domains 
(i) Protein domains in KNOX Class 1 proteins 
N 
' ' 60 amino acids 
MEINOX domain (protein-protein interactions) 
GSE box (for rapid intracellular degradation) 
ELK domain (nuclear localisation signal) 
homeodomain (DNA binding domain) 
PEST sequence (for rapid intracellular degradation) 
(ii) KNAT6 predicted protein domains 
The key is as in (i) above. The three extra amino acids 










4.4 Phyiogenetic analysis of the KNAT6 predicted protein sequence 
confirms it is a member of the KNOX class 1 subfamily 
Although the results presented in the previous sections in this chapter indicated 
that KNAT6 was a member of the KNOX Class 1 subfamily, phyiogenetic 
analysis using the PHYLIP package of programmes (Felsenstein, 1989) was 
performed to confirm this. 
The GenBank database was used to obtain sequences for those homeobox 
genes which had an experimentally determined coding sequence. Homeobox 
genes from all families were included, giving a total of 48 coding sequences. 
The coding sequences were translated into protein sequence before being 
aligned using the Clustal programme. The Clustal alignment was then analysed 
using the PHYLIP suite of programmes (PROTDIST was used to calculate the 
evolutionary distance between each pair before NEIGHBOUR was used to 
produce a tree using neighbour-joining) and bootstrap analysis was performed 
using 100 datasets to give the degree of confidence in each branchpoint. 
Figure 4.4a shows the phyiogenetic tree and the bootstrap value for the 
branchpoint between KNAT2 and KNAT6 (97). This analysis confirmed that 
KNAT6 was a member of the KNOX Class 1 subfamily of homeobox genes and 
that it was most closely related to KNAT2. The other homeobox genes that were 
included in this analysis were also shown to be in families as expected from 
previously published phyiogenetic analysis (Kerstetter et a/., 1994). 
4.5 The experimentally determined 5' UTR of KNAT6 may be truncated 
Although the evidence presented above indicated that the complete KNAT6 
coding region had been identified, there was still the possibility that the 
experimentally determined 5' UTR was truncated. 
To identify putative TATA boxes (consensus sequence TATA%A%), the 
sequence immediately upstream of the experimentally determined 5' UTR was 
examined. A good candidate TATA box was identified 50 bp upstream of the 
start of the longest 5' RACE product (Figure 4.5a). As the TATA box would be 
expected to be approximately 35 bp upstream of the transcription start, it was 
concluded that the 5' UTR of the KNAT6 transcript was slightly truncated. 
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Figure 4.4a Phyiogenetic tree 
The positions of KNAT2 and KNAT6 are indicated by the red star 
(*). The bootstrap value at this point is 97 
Analysis of 2 kb of genomic sequence upstream of the KNAT6 ATG using the 
Softberry (http://www.softberry.com/berry.phtml?topic=promoter) promoter 
prediction website did not select this TATA box, but gives the most likely TATA 
box as being much further upstream (Figure 4.5a), indicating that the 5' UTR 
may be even more truncated. 
The cDNA clone for KNAT6, RAFL14-89-I21 (GenBank Accession BT002930), 
which was mentioned in section 4.1.2 has a shorter 5' UTR than the 5' UTR 
determined in this work (Figure 4.5a), and therefore did not help with 
identification of the complete KNAT6 5' UTR. 
Despite the possibility that the 5' UTR may be truncated, no further work was 
carried out to address this as enough 5' UTR had been determined for the 
purposes of this work (see section 8.2.2). 
Analysis of the promoter region was also carried out using the PLACE database 
(www.dna.affrc.go.jp/htdocs/PLACE, (Higo etal., 1999)), which is a collection of 
cis-acting regulatory DNA elements from vascular plants. Analysis of 2 kb 
upstream of the KNAT6 ATG revealed that there were motifs for a variety of 
promoter activities in this promoter region (Figure 4.5b). 
Two auxin response elements at positions 309 and 1736 (Xu et a/., 1997) were 
identified as well as an ethylene response element (ERE) at position 294 
(Montgomery et a/., 1993). The 2 kb upstream sequence was also searched for 
the TGTCTC motif, which is known to direct high auxin inducibility in several 
species including Arabidopsis (Ulmasov et a/., 1995, Ulmasov ef a/., 1997) but 
this motif was not found in the KNAT6 promoter. There are also eleven copies 
of a root motif (Elmayan and Tepfer, 1995) spread over the entire 2 kb region. 
4.6 Two isoforms of the KNAT6 transcript were isolated from NAA-treated 
Arabidopsis root 
During amplification of the complete KNAT6 coding sequence for use in 
overexpressing (sense) and antisense constructs (see section 6.1.1 for details 
of the cloning of the complete KNAT6 coding region), two different isoforms of 
the KNAT6 transcript were isolated from NAA-treated Arabidopsis roots. 
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Figure 4.5a Positions of likely TATA boxes 
The TATA box identified by eye is shown in red 
The TATA box selected by Softberry is shown in 
orange 
The 5' UTR as determined experimentally is in blue 
The KNAT6AJG is in green 

























Figure 4.5b Positions of promoter motifs within 2 kb of the 
KNAT6ATG 
The auxin response elements at bp 309 and 1736 are shown in blue 
The ethylene repsonse element at bp 284 is shown in green 
The root boxes are shown in orange 





TGCTCTCGTTCTATTTTCI I I I IGGTTAAAGTGCTCGI I I I I I ICTTGATACTC 
TCTTTAAATTACGGCCAATTTGATAATTTCAAACTTAATACATATGTAAAATCAT 

















GATTAI II I I I lAACTGTCTAGAGCTCACACATGCATATTATCATATTTGAATG 
AAGATAACGATACAATGCCGATACTGATACAAATGATTATGTTAGATGGTCAA 













Sequencing of a number of clones revealed that two different cDNAs had been 
isolated from NAA-treated root mRNA. The shorter cDNA was designated 
"original splice" as it corresponded to the GenBank predicted coding sequence 
(AC007945 and AC005292). The longer cDNA, designated "alternate splice", 
contained the extra 6 bases that led to the insertion of 2 amino acids at the start 
of exon 2. In total, 12 of the shorter original splice isoform and 3 of the longer 
alternate splice isofonn were isolated. As the alternate splice isoform was 
isolated on more than one occasion, it was concluded that this probably was a 
true isoform rather than a chance PCR or sequencing error. The number of 
times each isoform has been isolated by PCR also indicated that the original 
isoform is more abundant in NAA-treated root tissue. 
The cDNA clone for KNAT6, RAFL14-89-121 (GenBank Accession BT002930), 
mentioned in section 4.1.2 was the shorter, original splice isoform. 
Comparison of these two sequences with the GenBank database showed that 
they both mapped to the single region of chromosome 1 which was assigned to 
the KNAT6 gene in section 3.8, rather than mapping to different parts of the 
genome. In addition, the six extra bases in the alternate coding sequence 
formed part of the genomic sequence for the KNAT6. This indicated that the two 
isoforms were likely to be alternative transcription products from the same gene 
rather than products from two different genes. Figure 4.6a shows the site of 
alternate splicing. 
The differential splicing in the KNAT6 transcript was observed at the 3' splice 
site, and had the following sequences (refer to section 4.2 for splice site 
consensus): 
3' splice site consensus GCAG:GT 
[a] original isoform 3' splice site ACAG:GT 
[b] alternate isoform 3' splice site TTAG:AA 
The splice site for the shorter original isoform matched the consensus more 
closely and may help to explain why this isoform appeared to be more abundant 
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Figure 4.6a Site of alternative splicing in the KNAT6 transcript 
(i) Scheme of original and alternative spliced isoforms 
Exons are shown in red 
Introns are indicated by a solid line 
The extra bases in the alternative isoform are shown in blue 
Original isoform 
Exon 1 Exon 2 Exon 3 
Alternative isoform 
• • • 
(ii) Sequence of the alternative splice site at 
the intron 1/exon 2 junction 
















TTTTCGGAI I I I IATTTTTGTTAAAATAI I I I I I I I IGGAAAT 
TTTTGTACTTAAGAAGATAATTTATTATCAG 
(based on the number of times each isoform was isolated) in NAA-treated 
Arabidopsis root. 
In support of this, analysis of splice sites in the KNAT6 genomic sequence using 
the NetPlantGene server (http://\www.cbs.dtu.dk/services/NetPGene) indicated 
that the two alternate spliced products were both likely to occur but that the 
splice site for the alternate isoform had a lower confidence value (0.95 for the 
alternative isoform and 0.96 for the original isoform). 
The addition of these six bases leads to the addition of a lysine residue followed 
by a glutamine (Figure 4.6b). These two amino acids are added in the MEINOX 
domain of the KNAT6 protein, and therefore may affect the function of this 
domain (see section 8.4.1). 
The evidence presented above indicated that the two cDNAs were produced by 
differential splicing of the same gene. However, as the Arabidopsis genome 
sequencing project was not completed at the time of this work, it still remained 
possible that there were two genomic copies of KNAT6. To determine the 
number of copies experimentally. Southern analysis was performed as detailed 
in section 4.7 below. 
Recently, these two isoforms have been submitted to the GenBank database 
(Semiarti ef a/., 2001) and are annotated as KNAT6S for the original splice 
isoform (Accession AB072361) and KNAT6L for the alternative splice isoform 
(Accession AB072362). 
4.7 A single copy of KNAT6 is present in the Arabidopsis genome 
Comparison of the experimentally determined KNAT6 sequence with the 
GenBank database indicated that KNAT6 was present as a single copy gene in 
the Arabidopsis genome. However, the isolation of two isoforms of KNAT6 from 
NAA-treated root mRNA raised the possibility that there may have been a 
second copy of KNAT6. To clarify this, the number of copies of KNAT6 was 
determined by Southern analysis. 
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Figure 4.6b Addition of two amino acids to the KNAT6 predicted 










MEINOX domain (unknown function) 
GSE box (unknown function) 
ELK domain (nuclear localisation signal) 
homeodomain (DNA binding domain) 
PEST sequence (for rapid intracellular degradation) 
The additional two bases are shown in orange 
The probe used for Southern analysis was designed to be as specific for 
KNAT6 as possible. As described in the previous sections in this chapter, 
KNAT6 shares a high degree of sequence sinnilarity with KNAT2. For this 
reason, the extreme 5' end of the KNAT6 coding region consisting of part of the 
5' UTR and exon 1 was selected as a probe. This region had 42% similarity with 
KNAT2. 
The 422 bp probe fragment was amplified using the Cds For and Probe R 
primers under standard PGR conditions (section 2.8.1) with the template being 
the cloned full length cDNA from section 4.6. The resulting product was 
analysed by gel electrophoresis, and the probe fragment was cut out and 
purified using the QIAquick® Gel Extraction kit (section 2.4.7). 
Restriction endonuclease analysis was performed on the KNAT6 genomic 
sequence (including experimentally detemiined 5' and 3' UTRs) to identify 
enzymes that cut at various points in relation to the probe. Enzymes that cut 
outwith the probe should give single bands per copy and enzymes that cut 
within the probe should give two bands per copy. The enzymes selected are 
shown in Table 4.7a 
Table 4.7a Enzymes selected for Southern analysis 
Enzyme Location Number of bands per copy 
Bgl l l within probe 2 
Xho 1 outwith probe 1 
EcoRI outwith probe 1 
Xba 1 outwith probe 1 
Pst I outwith genomic sequence, 
does not cut in promoter 
1 
Sac 1 outwith genomic sequence, 
cuts in promoter 
1 
Genomic DNA was extracted from wild type Arabidopsis (var. Col-0) using the 
Phytopure plant DNA extraction kit (section 2.4.3). 500 ng of genomic DNA was 
digested with each of the enzymes shown in Table 4.7a as described in section 
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2.4.11. The resulting fragments were separated by gel electrophoresis and 
transferred to membrane by Southern blotting (section 2.6.1). 
The probe fragment was then radiolabelled with pP]a-dCTP as described in 
section 2.6.4 and hybridised to the Southern according to the Denhardt's 
method (section 2.6.6). The membrane was washed to 80% stringency and 
then exposed to autoradiography film for 18 days (sections 2.6.9 and 2.6.10). 
Examination of the autoradiogram (Figure 4.7a) revealed two bands in the lane 
where Bglll was the restriction enzyme and a single band in each of the other 
lanes. This is as expected for a single copy gene, and it was concluded that 
KNAT6 was present in the Arabidopsis genome as a single copy gene and that 
two isoforms are produced by differential splicing of the KNAT6 transcript. 
4.8 Summary 
The analysis presented in the chapter confirmed that the complete KNAT6 
coding region had been isolated by PGR as described in Chapter 3. This coding 
sequence was then used to assign the KNAT6 ATG and exons to the genomic 
sequence. Several putative TATA boxes were identified in the region upstream 
of the experimentally determined 5' UTR, and this indicated that the 5' UTR may 
be slightly truncated. Promoter analysis was also carried out and several motifs 
for promoter activities were identified. The KNAT6 predicted protein sequence 
was also analysed, and this showed that KNAT6 contains the same domains as 
other Class 1 KNOX genes. Phylogenetic analysis confirmed that KNAT6 is a 
member of this family. Finally, two alternatively spliced isoforms of KNAT6 have 
been isolated from Arabidopsis NAA-treated root and southern analysis 
demonstrated that KNAT6 is a single copy gene. 
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Figure 4.7a Southern analysis to investigate KNAT6 
gene copy number 
1 2 3 4 5 6 
8.5 kb 
1.2 kb. 
Lane 1: Bglll, cuts within probe 
Lane 2: Xhol, outside probe but within KNAT6 genomic sequence 
Lane 3: EcoRI, outside probe but within KNAT6 genomic 
sequence 
Lane 4: Xbal outside probe but within KNAT6 genomic sequence. 
Lane 5: PstI outside KNAT6 genomic sequence 
Lane 6: Sad outside KNAT6 genomic sequence 
Chapter 5 Expression Analysis of KNAT6 
Expression analysis of the KNAT6 gene was carried out using northern blot 
analysis and semi-quantitative RT-PCR to determine the abundance of the 
KNAT6 transcript, and reporter gene fusion analysis to determine the activity of 
the KNAT6 5' flanking region. 
The putative KNAT6 promoter was used for the production of pKNAT6::GUS 
and pKNAT6::GFP expressing plants. A 2 kb fragment of the KNAT6 5' flanking 
sequence, predicted to contain the promoter, was isolated from Col-0 plants 
and used to drive the expression of the GUS (p-glucuronidase) and EGFP 
(Enhanced Green Fluorescent Protein) reporter genes. This allowed the spatial 
and temporal activity of the putative KNAT6 promoter to be investigated. 
Northern blot analysis and semi-quantitative RT-PCR analysis of the KNAT6 
transcript was carried out in wild type Arabidopsis Col-0 plants. 
The KNAT6 coding region was also used to produce protein fusions with the 
GFP reporter gene under the control of both the Cauliflower Mosaic Virus 35S 
(CaMV 35S) RNA gene promoter and an alcohol-inducible system to allow the 
subcellular localisation of the KNAT6 protein to be investigated. 
5.1 Developmental and hormonal regulation of the KNAT6 promoter 
To investigate the temporal expression of the KNAT6 promoter in Arabidopsis 
seedling roots, pKNAT6::GUS constructs were made. Plants expressing this 
construct were isolated and GUS activity was examined during seedling 
development. These plants were then used to examine the promoter activity in 
response to various exogenous plant hormones. 
5.1.1 Cloning of the KNAT6 putative promoter and production of 
pKNAT6::GUS Arabidopsis 
pKNAT6::GUS constructs were made using the pGUS-1 vector which contained 
the pUC19 multiple cloning site (MCS) for the insertion of the promoter fragment 
followed by the GUS coding sequence and the nos terminator. The cloning 
strategy is shown in Figure 5.1.1a. Approximately two kilobases (kb) of 
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Figure 5.1.1a pKNAT6::GUS construct cloning strategy 
KNAT6 promoter fragment with Hindlll and Xbal 
linkers amplified by PGR from Col-0 genomic DNA 
Promoter fragment cloned into the pCR®2.1-T0P0 
vector, sequenced and then excised as a Hindlll/Xbal 
fragment 
Promoter fragment ligated into the pGUS-1 vector linearised 
with Hindlll and Xbal. Recombinant plasmid isolated 
pKNAT6::GUS cassette excised as a Hindlll/EcoRI fragment and 
ligated into the pCIRCE binary vector linearised with Hindlll and EcoRI 
Recombinant plasmid isolated and sequenced to verify construct 
Hindlll Xbal 
KNAT6 promoter GUS reporter gene 
EcoRI 
pCIRCE binary 
sequence upstream of the ATG of KNAT6 were selected as the putative 
promoter to be used in this work. As most regulatory elements are usually found 
within 1 kb upstream of the ATG of a gene, many of the cis acting elements 
which affect KNAT6 transcription were expected to have been included in this 
sequence. A large proportion of the 5' UTR was included in the promoter 
fragment as this may also play a role in the regulation of KNAT6 transcription 
(Sieburth and Meyerowitz, 1997). Two primers were designed to amplify the 
promoter fragment (Figure 5.1.1b). The Promoter For primer includes a Hindlll 
site and Promoter Rev contains an Xbal site to allow the promoter fragment to 
be directionally cloned into the pGUS-1 MCS. In addition, two internal primers, 
Prom Seq For and Prom Seq Rev, were designed to allow the sequencing of 
the promoter fragment. 
The promoter fragment was amplified from Col-0 genomic DNA prepared using 
the Phytopure DNA extraction kit (section 2,4.3) using the Expand High Fidelity 
PGR system (section 2.8.2). The PGR product was analysed by gel 
electrophoresis (section 2.5.1) and a band of 2.1 kb was obtained as expected 
(Figure 5.1.1c). The PGR product was cloned directly into the pCR®2.1-T0P0 
vector (section 2.7.4) and introduced into chemically competent E. coli. Putative 
positive white colonies were checked by colony PGR (section 2.8.1) using the 
M13F and M13R primers and a colony containing an insert of the correct size 
was used to prepare plasmid DNA (section 2.4.1). Plasmid DNA was then 
sequenced using the universal primers M13F and M13R as well as the Prom 
Seq For and Prom Seq Rev primers mentioned above. 
Sequencing revealed that two point mutations had been introduced into the 
promoter sequence during the PGR amplification. However, as they were both 
more than 1 kb away from the ATG, it was considered unlikely that they would 
influence promoter activity greatly, and this cloned promoter region was used. 
The promoter fragment was released from the pCR®2.1-T0P0 vector by 
digestion with Hindlll and Xbal (section 2.7.1). The pGUS-1 vector was also 
digested with these restriction endonucleases before being dephosphorylated 
(section 2.7.2) to prevent religation during subsequent ligation steps. Both 
digests were analysed by gel electrophoresis (Figure 5.1.Id and e). The bands 
corresponding to the KNAT6 promoter and the digested pGUS-1 vector were 
128 
Figure 5.1.1b Promoter fragment used for production of 
pKNAT6::GUS Arabidopsis 
The KNAT6 ATG is shown in red 
The Promoter For and Promoter Rev primer positions are 
shown in blue 
The KNAT6 5' UTR is underlined 
GTGGCGCATCGCATGGATAACCAGAGAAAGAAAATATTGAACATnTGATT 








TCCATTCGAAATATTATAGATGCTCTCGrrCTATiTTC I I I I IGGTTAAAGT 


































Figure 5.1.1c 2.1 kb promoter fragment amplified from Col-0 
genomic DNA 
2 kb 
Figure 5.1.Id 2.1 kb promoter fragment released from 3.9 kb 
pCR®2.1-T0P0 vector by digestion with Hindlll/Xbal 
Figure 5.1.1e 4.5 kb pGUS-1 vector linearised with 
Hindlll/Xbal 
4 kb 
cut out of the gel and purified using the QIAquick® Gel Extraction kit (section 
2.4.7). The promoter fragment was then ligated into the pGUS-1 vector (section 
2.7.3) and introduced into chemically competent E. coli (section 2.7.6). Putative 
positive colonies were checked by colony PGR using the Promoter For and 
Promoter Rev primers (section 2.8.1) and a colony containing an insert of the 
correct size was used to prepare plasmid DNA (section 2.4.1). 
The cassette consisting of the promoter fragment linked to the GUS coding 
sequence and nos terminator was released from the pGUS-1 vector backbone 
by digestion with Hindlll and EcoRI in the same way as above. The pCIRCE 
binary vector was also digested with these enzymes and dephosphorylated in 
the same way as pGUS-1. Both digests were analysed by gel electrophoresis 
(Figure 5.1.If). Again, the bands corresponding to the 4.1 kb promoter::GUS 
cassette and the 11.4 kb digested pCIRCE vector were cut out, purified from the 
gel and the ligated as above. The ligation mix was transformed into chemically 
competent E. coli, and putative positive white colonies were checked by colony 
PGR using the Prom Seq For primer and a primer to the GUS coding sequence, 
GUS nested 1. Positive colonies were used to prepare plasmid DNA (section 
2.4.2) that was sequenced with M13F and M13R primers to confirm that the 
construct was correct. 
The pKNAT6::GUS construct in pCIRCE was introduced into electrocompetent 
Agrobacterium tumefaciens strain C58C3 by electroporation (section 2.2.3) and 
putative positive colonies were checked using the Prom Seq For and GUS 
nested 1 primers as above. A single positive colony was selected and used for 
introduction of the constructs to Arabidopsis var. Col-0 by the dipping method 
(section 2.2.4). Seed from the dipped plants was sown on >2 MS10 SS medium 
supplemented with 35 mg/L kanamycin sulphate and 200 mg/L augmentin. 
Kanamycin-resistant seedlings remained green while sensitive seedlings 
became bleached 7-10 days after germination (DAG) on the selective medium. 
Kanamycin-resistant transformed (T1) plants were identified and transferred to 
soil. T2 seed was collected from these plants as individual lines. 
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Figure 5.1.1f Release of pKNAT6::GUS cassette from 
pGUS-1 and linearisation of pCIRGE 
11.4 kb 
2.5 kb 
Lane 1 shows the 11.4 kbpCIRCE binary vector linearised with 
Hindlll/EcoRI 
Lane 2 shows the release of the 4.1 kb pKNAT6::GUS cassette from 
the 2.5 kb pGUS-1 vector backbone by digestion with Hindlll/EcoRI 
5.1.2 Isolation and characterisation of pKNAT6::GUS expressing 
Arabidopsis 
The number of unlinked T-DNA loci in a hemizygous line can be estimated by 
the ratio of kanamycin-resistant (Kan'^) seedlings to kanamycin-sensitive (Kan^) 
seedlings (Table 5.1.2a). 
Table 5.1.2a Segregation ratios and T-DNA loci numbers 
Number of Kan*^ plants Number of Kan^ plants Number of unlinked 
T-DNA loci 
3 1 1 
15 1 2 
63 1 3 
255 1 4 
Fifteen of the independent T2 lines that were isolated in section 5.1.1 were 
surface sterilised and germinated on Vz MS10 SS supplemented with 35 mg/L 
kanamycin sulphate. Approximately 7 DAG, the plates were scored for the ratio 
of Kan"^ seedlings to Kan^ seedlings (Appendix 3, Table 1). This revealed that 
all of the plants were hemizygous and had a number of T-DNA loci ranging from 
1 to 4 (Table 5.1.2b). 
Table 5.1.2b Number of T-DNA loci in pKNAT6::GUS lines 
Line T-DNA loci Line T-DNA loci Line T-DNA loci 
1 3-4 6 1 11 1 
2 1 7 1 12 1 
3 1 8 1 13 1 
4 1 9 1 14 2 
5 1 10 1-2 15 2 
Four kanamycin-resistant plants (denoted x.1 to x.4) from each line were 
removed from the selective plates and transplanted to soil. T3 seed was 
collected as individuals from each plant. 
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In order to identify a transgenic line that had a typical root expression pattern, 
T2 seed from each line was surface sterilised and germinated on Va MS10 SS 
medium. 9 days after germination (DAG), whole seedlings were stained 
histochemically for GUS activity (section 2.3.2). To determine the optimum 
staining time, seedlings from each line were stained for 3 hours, 6 hours and 16 
hours. Microscopic examination of the seedlings indicated that a staining period 
of 16 hours was required for easy visualisation of GUS activity. 
The staining patterns that were obtained are summarised in Table 5.1.2c 
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Table 5.1.2c Summary of root expression patterns in 15 independent T2 
pKNAT6::GUS transgenic lines 
Line Root staining pattern 1 Line Root staining pattern 
1 No staining 9 No staining 
2 No staining 10 
Hypocotyl and root vasculature, 
fades towards root tip. Bright at 
bases of laterals. In petioles of 
cotyledons and true leaves 
3 
Hypocotyl and root 
vasculature, fades towards 
root tip. At bases of laterals. 
Hydathodes of cotyledons 
and true leaves 
11 No staining 
4 No staining 12 No staining 
5 
Hypocotyl and root 
vasculature. Fades towards 
root tip. Bright at bases of 
laterals. Cotyledons and 
true leaves and their 
petioles 
13 Patchy staining in cotyledons. 
6 
In crown and at bases of 
laterals. 
14 
Lateral and main root tips, 
hypocotyl and shoot apex. In root 
vasculature, fades towards root tip. 
At bases of laterals. Cotyledon 
vasculature. 
7 No staining 15 
Hypocotyl and petiole vasculature. 
In root vasculature, fades towards 
root tip. At bases of laterals 
8 No staining 
Based on this screen, three lines that showed a typical root expression pattern 
were selected for further analysis. These lines were 3, 10 and 15. 
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The T3 seed harvested from kanamycin-resistant individual plants above was 
subjected to kanamycin segregation analysis as above to identify lines that 
were homozygous for the T-DNA insertion. Lines 3.1, 10.1 and 15.1 were 
shown to be homozygous. The seed was bulked up and T4 seed was used for 
analysis in sections 5.1.3-5.1.6. 
In addition, in order to investigate KNAT6 promoter activity in other organs, 
each T2 GUS line was also grown in soil in a controlled environment room, and 
mature rosette leaves as well as inflorescences (consisting of stems, floral 
parts, cauline leaves and siliques) were stained. The staining period used was 
16 hours. The expression patterns in other tissues are summarised in Table 
5.1.2d 
Table 5.1.2d Summary of expression patterns in aerial parts of 15 
independent 12 pKNAT6::GUS transgenic lines 
Line 
Staining patteran 
Mature rosette leaves Inflorescence 
1 Petiole vasculature 
Anthers in buds, anthers in open flowers and at silique 
bases 
2 No staining Anthers of buds, stipules on cauline leaves 
3 Hydathodes, petiole vasculature 
Cauline hydathodes, anthers in buds and open 
flovi^ ers, base of buds, open flowers and siliques 
4 No staining Anthers in some buds 
5 Petiole vasculature, faint in hydathodes 
Bases of siliques and open flowers. Cauline leaf 
petioles and main stem. Anthers in buds and open 
flowers 
6 Faint in hydathodes At silique bases 
7 No staining Very faint in anthers in buds 
8 No staining Anthers in buds 
9 No staining Anthers in buds 
10 No staining 
At bases of buds, open flowers and siliques. In anthers 
in buds. Some in anthers and petals of open flowers. 
In main stem and some in cauline leaf vasculature. 
11 No staining Anthers in buds, some in main stem 
12 No staining No staining 
13 No staining Anthers in buds 
14 No staining 
In anthers and stigma in buds. At bases of buds, 
siliques and flowers. In anthers of open flowers. 
15 In primary vascular strand 
In main stem vasculature and at base of cauline 
petioles. At base of flowers and siliques. In anthers of 
open flowers 
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5.1.3 Developmental expression of GUS under the KNAT6 promoter In 
seedling roots and hypocotyl 
The T4 homozygous seed identified in section 5.1.2 for three pKNAT6::GUS 
lines (3.1, 10.1. and 15.1) showing representative root expression was used to 
examine the activity of the KNAT6 promoter during development Arabidopsis 
seedlings. 
Seed from each of these lines was surface sterilised and germinated on 
MS10 SS medium. At 3 days after germination (DAG), the seedlings were 
transferred to /4 MS10 vertical plates (section 2.2.1). Seedlings were removed 
at 3, 6, 9, 12 and 14 DAG and stained histochemically for GUS activity for 16 
hours. The seedlings were the destained in 70% v/v ethanol until the tissue had 
cleared before being mounted in 50% v/v glycerol and examined by light 
microscopy (section 2.3.2). 
Although the expression patterns observed in the seedlings were similar 
between the three lines examined, there was variability in the level of staining in 
seedlings from the same transgenic line at each time point, with a proportion of 
seedlings showing no staining. However, representative seedlings from each 
time point are shown in Figure 5.1.3a. In all cases where root expression is 
observed, the expression appears to be in the inner cell layers (stele). 
At 3 DAG, GUS expression was seen around the crown (i.e. at the bottom of the 
hypocotyl and at the top of the main root). At 6 DAG, expression was seen in 
the hypocotyl, in the main root and at the bases of lateral roots. The GUS 
expression in the main root was strongest at the crown and faded towards the 
root tip. At 9 DAG, GUS expression could be seen in the hypocotyl, as well as in 
the main root and at the lateral root bases. The expression in the main root 
extended towards the root tip until just distal to the position of the last lateral 
roots to emerge (e.g. Figure 5.1.3a (4), (6)). Expression could also be seen in 
the stele of some older lateral roots and at the bases of secondary lateral roots 
(e.g. Figure 5.1.3a (3)). By 12 DAG, expression was downregulated in the 
hypocotyl, at the top of the main root and in older lateral root bases. Expression 
could still be seen in the bases of some secondary lateral roots, in the main root 
towards the tip and at the bases of younger primary lateral roots (e.g. Figure 
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Figure 5.1.3a GUS expression in pKNAT6::GUS Line 3.1 
Bar approx. 3 mm 
(1) GUS expression in hypocotyl. 3 DAG 
(2) GUS expression in hypocotyl and main root, 6 DAG 
(3) GUS expression in hypocotyl, main root, lateral roots and at lateral 
root bases, 9 DAG 
(4) GUS expression in main root, 9 DAG 
(5) GUS expression is downregulated in hypocotyl, main root and older 
lateral roots, 12 DAG 
(6) GUS expression in main root and at young lateral root bases, 12 
DAG 
5.1.3a (6)). At 14 DAG, the expression pattern was similar to that seen at 12 
DAG (data not shown). 
In summary, GUS expression was localised in the main root in a broadly similar 
area to where primary lateral roots were emerging and elongating, but 
disappeared after the primary lateral roots had reached a certain length. GUS 
expression was occasionally seen in the stele of older primary lateral roots 
close to the main root and at the bases of secondary lateral roots. GUS 
expression is stronger at the lateral root bases than in the stele of the main root. 
Lateral root primordia and the root tips did not show GUS expression. 
5.1.4 Response of the KNAT6 promoter to plant growth regulators 
As well as examining the expression of the GUS reporter gene over a 
developmental time course, the response of the promoter to various plant 
growth regulators was also examined to determine whether the gene might be 
hormonally regulated. 
Seed from each T4 homozygote pKNAT6::GUS line identified in section 5.1.2 
was surface sterilised and germinated in MS10 SS medium. At 5 days after 
germination (DAG), seedlings were transferred to MS10 medium 
supplemented with a different plant growth regulator (Table 5.1.4a). Control 
seedlings from each line were transferred to MS10 without hormones. 
Seedlings were removed from this medium at 3, 6 and 9 days post transfer (PT) 
and stained histochemically for GUS expression for 16 hours. The seedlings 
were then cleared using 70% v/v ethanol before being mounted in 50% v/v 
glycerol and examined using a microscope (section 3.2.3). 
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1-NAA 10 ^iM 
auxin analogue which enters the cell by 
diffusion 
BA 10 ^M cytokinin analogue 
ACC 10 laM and 100 ^ iM ethylene precursor 
TIBA 25 ^M 
auxin transport inhibitor which inhibits 
the efflux carrier function 
NPA 10 
auxin transport inhibitor which inhibits 
the efflux carrier function 
Although the expression patterns observed in the seedlings was similar 
between the three lines examined, there was variability in the level of staining in 
seedlings from the same transgenic line at each time point. In all cases where 
root expression is discussed, the expression appears to be in the stele. 
The control seedlings where no exogenous hormone treatment was used show 
a similar expression pattern to those examined in section 5.1.3 (Figure 5.1.4a 
(1)). At 3d PT GUS expression was seen in the hypocotyl, main root stele and 
at the bases of primary lateral roots. GUS expression was strongest at the top 
of the main root, and faded towards the root tip. GUS expression was 
downregulated by 6d PT in the hypocotyl, in the stele at the top of the main root 
and in the bases of older primary lateral roots, but could still be seen in the main 
root towards the root tip and at the bases of young lateral root. A similar pattern 
was seen in seedlings 9d PT. Note that there was no expression in the root tips. 
Treatment with 10 laM ACC and 100 ACC did not lead to any significant 
alteration in GUS expression (data not shown). 
On treatment with BA, some GUS expression could still be seen in the 
hypocotyl and at the lateral root bases at 3d PT and 6d PT, but this had 
disappeared by 9d PT (Figure 5.1.4a (2)). 
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Figure 5.1.4a Response of the KNAT6 promoter to plant growth 
regulators 
Bar approx 3 mm. Arrows indicate low level GUS expression 
(1) GUS expression in main root where young lateral roots developing, 9d PT 
no treatment 
(2) No GUS expression in main root or at lateral root bases, 9d PT 10 pM BA 
(3) No GUS expression in the hypocotyl and main root or lateral root bases, 
9d PT 10 pM NPA 
(4) GUS expression is down regulated in the hypocotyl, but can been seen at 
the lateral root base, 9d PT 25 pM TIBA 
(5) GUS expression in the main root, lateral roots and main root tip, 3d PT 10 
pM 1-NAA 
(6) GUS expression at the tip of the main root and in some lateral roots, 9d 
PTIOpM 1-NAA 
(7) GUS expression of pKNAT6::GUS Line 10.1 in rty background, 6 DAG 
Treatment with the auxin efflux carrier inhibitor NPA (Figure 5.1.4a (3)) lead to a 
downregulation of GUS expression by 9d PT whereas treatment with the auxin 
influx carrier inhibitor TIBA (Figure 5.1.4a (4)) did not lead to a significant 
decrease compared with untreated seedlings. 
Seedlings treated with the synthetic auxin analogue 1-NAA showed GUS 
expression in the hypocotyl and in the main root stele over the whole length of 
the root at 3d PT (Figure 5.1.4a (5)). A similar pattern was seen 6d PT. By 9d 
PT GUS expression had been downregulated in the hypocotyl and in the top of 
the main root, but was still expressed in the lower part of the main root including 
the root tip (Figure 5.1.4a (6)). At all time points, GUS expression was seen in 
some of the lateral root bases. There was no global increase in KNAT6 
promoter activity on treatment with 1-NAA, but the pattern of GUS expression 
was altered, with expression seen closer to the root tip than in untreated 
seedlings. 
To support the results obtained on treatment of pKNAT6::GUS seedlings with 1-
NAA, the pKNAT6::GUS construct was introduced into the rty background by 
crossing (section 2.2.5). F2 seed obtained for crosses between pKNAT6::GUS 
lines 10.1 and 15.1 and the rty mutant was surface sterilised and plated onto 
MS10 SS medium (section 2.1.1). At 6 DAG, the plates were examined and 
plants exhibiting the rty phenotype were removed and stained histochemically 
for GUS activity for 16 hours (section 2.3.2). The seedlings were then destained 
in 70% v/v ethanol before being mounted in 50% v/v glycerol and examined by 
light microscopy (section 2.3.2). 
The GUS expression pattern in the crosses between the rty mutant and the 
pKNAT6::GUS lines was similar to that seen on treatment with the auxin 
analogue 1-NAA. GUS expression was seen in the main root, at the bases of 
lateral roots and at the root tip (Line 10.1, Figure 5.1.4a (7)) or at the bases of 
lateral roots (Line 15.1, data not shown). In general, the level of GUS 
expression was lower in the rty cross than on treatment with 1-NAA, especially 
with Line 15.1. These results will be discussed further in section 8.3.5. 
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5.2 The KNAT6 promoter is expressed in the phloem poles of the 
Arabidopsis root 
The data presented in section 5.1 indicated that the KNAT6 promoter was 
expressed in the seedling root during development, and that this expression 
appeared to be in the stele of the root. To localise this expression to a specific 
cell layer(s), plants expressing GFP under the control of the KNAT6 promoter 
were examined using Laser Scanning Confocal Microscopy (LSCM). This data 
was then confirmed by sectioning the pKNAT6::GUS lines and by analysing the 
pKNAT6::GUS construct in a mutant background lacking the cell layer in which 
the KNAT6 promoter was found to be active. 
5.2.1 Construction of the promoter: :GFP vector pEGFPer 
As a suitable vector to allow the production of promoter::GFP fusions was not 
available, the initial part of this work involved the construction of the 
promoter::GFP vector pEGFPer, which contained the pUC19 multiple cloning 
site followed by an GFP cassette and the 35S terminator. The GFP cassette 
consisted of the EGFP coding sequence (Enhanced GFP) (Cormack ef a/., 
1996) with a 5' translational enhancer from Tobacco Etch Potivirus (TEVL). The 
EGFP coding sequence included an N-terminal signal peptide from chitinase 
that allowed the GFP to enter the endoplasmic reticulum (ER) as well as a C-
terminal KDEL ER retention signal. The targeting and retention of GFP to the 
ER has been shown to increase intensity of the GFP signal and also to prevent 
deleterious effects on cells expressing the GFP reporter gene 
(http://www.plantsci.cam.ac.uk/Haseloff/GFP/mgfp4.html). The promoter which 
was isolated in section 5.1.1 was used to produce a pKNAT6::GFP construct 
which was introduced into Arabidopsis. The cloning strategy is shown in Figure 
5.2.1a. For the amplification of the CaMV 35S terminator, the primers were 35S 
75' (Sad) and 35S T3' (EcoRI), and for the GFP cassette they were KDEL 
(Sac!) and TEVL (Smal). 
The Expand™ High Fidelity PGR system (section 2.8.2) was used to amplify the 
fragments from the pKAR6-GFP vector. The reaction products were analysed 
by gel electrophoresis (section 2.5.1) and bands of the expected sizes (944 bp 
for the GFP cassette and 240 bp for the 35S terminator) were obtained (Figure 
5.2.1b). The bands were cut out and purified using the QIAquick® Gel 
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Figure 5.2.1a Cloning strategy for the production of 
pEGFPer and pKNAT6::GFP 
CaMV 35S terminator with Sad and EcoRI linkers and GFP cassette with Sad 
and Smal linkers amplified from the pKAR6-GFP vector 
CaMV terminator and GFP cassette cloned into the pCR®2.1-T0P0 
vector, sequenced and then excised with the appropriate restriction 
endonucleases 
CaMV terminator ligated into pUC19 vector linearised with Sad 
and EcoRI. Recombinant plasmid isolated 
GFP cassette ligated into pUC19::35S temninator linearised with Sad 
and Smal. Recombinant plasmid isolated, named pEGFPer 
KNAT6 promoter fragment with HindiII and Xbal linkers ligated into the 
pEGFPer vector linearised with Hindlll and Xbal. Recombinant plasmid 
isolated 
• 
pKNAT6::GFP cassette excised as a Hindlll/EcoRI firagment and ligated 
into the pCIRCE binary vector linearised with Hindlll and EcoRI 
• 
Recombinant plasmid isolated and sequenced to verify construct 
Hindlll Xbal EcoRI 
KNAT6 promoter 
p C I R C E binary 
Figure 5.2.1b Amplification of 35S terminator and GFP cassette 
from the pKAR6-GFP vector 
1 kb 
200 bp 
Lane 1 shows the 944 bp 
GFP cassette 
Lane 2 shows the 240 bp 
35S terminator 
Figure 5.2.1c Release of 35S terminator and GFP cassette from 
the pCR®2.1-T0P0 vector 
1 kb 
200 bp 
Lane 1 shows the 240 bp 35S 
terminator released after 
digestion with Sacl/EcoRI 
Lane 2 shows the 944 bp GFP 
cassette released after 
digestion with Sacl/Smal 
Extraction kit (section 2.4.7) before being cloned into the pCR®2.1-T0P0 
vector (section 2.7.4) and introduced into chemically competent E. coli. Putative 
positive white colonies were checked by colony PGR (section 2.8.1) using the 
universal primers M13F and M13R and those with inserts of the correct size 
were used to prepare plasmid DNA (section 2.4.1). Sequencing with M13F and 
M13R confirmed that no errors had been introduced into the DNA sequence 
during PGR amplification. 
The plasmids were then digested using the appropriate restriction 
endonucleases (section 2.7.1) to release the 35S terminator (Sad and EcoRI) 
and the GFP cassette (Sad and Smal) from the pCR®2.1-T0P0 vector 
backbone. At the same time, the pUC19 vector was digested with Sad and 
EcoRI and dephosphorylated (section 2.7.2) to prevent religation during the 
subsequent cloning steps. The digests were analysed by gel electrophoresis 
(Figures 5.2.1c and d) and the bands of interest cut out and purified as before. 
The 35S terminator fragment was then ligated into the digested pUC19 vector 
(section 2.7.3) and introduced into chemically competent £. coli. Putative 
positive colonies were checked by colony PGR using the 35S 75' (Sad) and 
35S 73' (EcoRI) primers and a colony with an insert of the correct size was 
used to prepare plasmid DNA. 
The pUC19 vector containing the 35S terminator was digested with Smal and 
Sad, dephosphorylated and analysed by gel electrophoresis (Figure 5.2.1e). 
The linearised vector was cut out and purified before being ligated to the GFP 
cassette and introduced into chemically competent E. coli. Putative positive 
colonies were checked by colony PGR using the KDEL (Sad) and TEVL (Smal) 
primers. A colony containing an insert of the correct size was used to prepare 
plasmid DNA. The completed pEGFPer vector was then sequenced with M13F 
and M13R to confirm that it was correct. 
5.2.2 Production and isolation of pKNAT6::GFP Arabidopsis 
The pEGFPer vector produced in section 5.2.1 was used to produce a 
pKNAT6::GFP construct which was introduced into Arabidopsis. As mentioned 
above, the promoter fragment that was isolated in section 5.1.1 and used to 
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Figure 5.2.1 d 2.7 kb pUC19 linearised with Sacl/EcoRI 
3kb 
Figure 5.2.1e 2.95 kb pUG19::35S terminator linearised with 
Smal/SacI 
3kb 
analyse promoter activity using the GUS reporter gene was also used to make 
the GFP reporter construct (Figure 5.2.1a). 
The promoter fragment was released from the pCR®2.1-T0P0 vector by 
digestion with Hindlll and Xbal. The pEGFPer vector was also digested with 
these restriction endonucleases before being dephosphorylated. Both digests 
were analysed by gel electrophoresis (Figures 5.2.2a and b). The bands 
corresponding to the KNAT6 promoter and the digested pEGFPer vector were 
cut out of the gel and purified using the QIAquick® Gel Extraction kit. The 
promoter fragment was then ligated into the pEGFPer vector and introduced 
into chemically competent E. coli. Putative positive colonies were checked by 
colony PGR using the Promoter For and Promoter Rev primers and a colony 
containing an insert of the correct size was used to prepare plasmid DNA. 
The pKNAT6::GFP cassette was then released from the pEGFPer vector 
backbone by digestion with EcoRI and Hindlll. The binary vector pCIRCE was 
also digested with these enzymes and then dephosphorylated. Both digests 
were analysed by gel electrophoresis (Figures 5.2.2c and d) before the bands of 
interest were cut out and purified as above. The promoter::GFP cassette was 
then ligated into the digested pCIRCE and introduced into chemically competent 
E. coli. White putative positive colonies were checked by colony PCR using the 
Promoter For and Promoter Rev primers. A colony containing an insert of the 
correct size was used to prepare plasmid DNA (section 2.4.2). 
Sequencing with the M13F, M13R and Cds For primers verified that the 
completed construct was correct before the plasmid was introduced into 
electrocompetent Agrobacterium tumefaciens strain C58C3 by electroporation. 
Positive colonies were checked by colony PCR as above, and a positive colony 
was selected and used to introduce the construct into Arabidopsis var. Col-0 by 
the dipping method. 
T1 seed from the dipped plants was collected and sown onto y 2 MS10 SS 
medium supplemented with 35 mg/L kanamycin sulphate and 200 mg/L 
augmentln. Kanamycin-resistant seedlings were transferred to soil 7-10 days 
after germination (DAG) and T2 seed was harvested as individual lines. 
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Figure 5.2.2a Release of the 2.1 kb promoter fragment from 
pCR®2.1 -TOPO by digestion with Hindlll/Xbal 
3.9 kb promoter 
fragment 
2.1 kb promoter 
fragment 
Figure 5.2.2b Linearisation of the 3.9 kb pEGFPer 
vector by digestion with Hindlll/Xbal 
3.9 kb 
Figure 5.2.2c Release of the 3.5 kb pKNAT6::GFP cassette from 
pEGFPer by digestion with EcoRI/Hindlll 
mm 
3.5 kb pKNAT6::EGFP 
I 2.5 kb pEGFPer backbone 
Figure 5.2.2d 11.4 kb pCIRCE linearised with EcoRI/Hindlll 
11.4 kb 
The T2 seed was sown onto MS10 SS medium supplemented with 35 mg/L 
kanamycin sulphate to allow the number of segregating T-DNA loci in each line 
to be estimated (see section 5.1.2 and Table 5.1.2a). The numbers of 
kanamycin-resistant and kanamycin-sensitive seedlings were counted (Table 2, 
Appendix 3) and the number of T-DNA loci in each line is shown in Table 5.2.2a 
below. All of the plants were hemizygous and had a number of T-DNA loci 
ranging from 1 to 4. 
Table 5.2.2a Number of T-DNA loci in pKNAT6::GFP lines 
Line Number of T-DNA loci Line Number of T-DNA loci 
GFP1 2-3 GFP9 
GFP2 1 GFP10 
GFP3 1 GFP11 1 
GFP4 1 GFP12 
GFP5 2-3 GFP13 
GFP6 1 GFP14 1 
GFP7 1 GFP15 1 
GFP8 1 GFP16 1 
Four kanamycin-resistant plants (denoted a-d) were removed from each T2 
segregation plate and grown on in soil. T3 seed was then collected from each of 
these individual plants. The T3 seed from plant a from each line was subjected 
to kanamycin selection as before. Resistant seedlings from each line were 
removed, mounted in 50% v/v glycerol then screened for GFP activity in the root 
using a fluorescence microscope. A summary of the range of GFP root 
expression patterns in shown in Table 5.2.2b. 
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Table 5.2.2b Root expression patterns in pKNAT6::GFP lines 
Line Het/Homozygote Expression pattern 
GFPIa Heterozygote Present at lateral bases, low in stele 
GFP2a Homozygote Present at lateral bases, low in stele 
GFP3a Heterozygote Bright at lateral bases, low in stele 
GFP4a Heterozygote Very bright in lateral bases and in stele 
GFP5a Homozygote Present at lateral bases, low in stele 
GFP6a Homozygote Present at lateral bases, low in stele 
GFP7a Heterozygote No expression 
GFP8a Heterozygote No expression 
GFP9a Homozygote Very bright in lateral bases and in stele 
GFPlOa Homozygote No expression 
G F P I I a Homozygote Present at some lateral bases, not in stele 
GFP12a Heterozygote No expression 
GFP13a Homozygote Very bright in lateral bases and in stele 
GFP14a Heterozygote Present at some lateral bases, not in stele 
GFP15a Heterozygote No expression 
GFP16a Heterozygote Very bright in lateral bases and in stele 
In all cases, the expression in the inner cell layers (stele) reduced towards the 
root tip in the same way as the GUS expression observed in section 5.1.2. 
Overall, the GFP expression seen in these lines was in good agreement with 
that observed for the pKNAT6::GUS lines isolated in section 5.1.2. 
Five lines from the 16 analysed were selected for further analysis based on 
strong expression of the GFP reporter gene in the stele and at the bases of the 
lateral roots. These lines were GFP3, GFP4, GFP9, GFP13 and GFP16. 
Homozygous lines were required for further analysis of GFP expression (section 
5.2.3). Homozygous lines were identified above for GFP9 and GFP13 (GFP9a 
and GFP13a). For those which were hemizygous (GFP3, GFP4 and GFP16), 
T3 seed from plants b, c and d was sown on 14 MS10 SS medium 
supplemented with 35 mg/L kanamycin sulphate as before. Seed from GFP3d, 
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GFP4c and GFP16d was shown to be homozygous and was used for analysis 
in section 5.2.3. 
5.2.3 Confocal imaging of pKNAT6::GFP Arabidopsis 
The five honnozygous lines that showed strong GPP expression identified in 
section 5.2.2 were further analysed by Laser Scanning Confocal Microscopy 
(LSCM). 
T3 seed from lines GFPSd, GFP4c, GFP9a, GFP13a and GFP16of were sown 
on Vz MS 10 SS medium. Six days after germination, seedlings were prepared 
and analysed by confocal microscopy as detailed in section 2.3.5. Samples 
were oriented so that the xylem pole was horizontal (Figure 5.2.3a). 
The confocal imaging revealed that the GFP was not expressed in the same 
plane as the xylem poles, but was expressed in the cells immediately above 
and below the xylem pole (with respect to the sample orientation, refer to Figure 
5.2.3a) although it was more difficult to visualise the GFP expression below the 
xylem pole due to the increase in the thickness of the tissue which had to be 
penetrated by the laser. In these samples, the cells that are directly above and 
below the xylem poles are the phloem poles. Seedlings from all five of the lines 
that were examined showed expression in the same cell layers. Figure 5.2.3b 
shows examples of GFP expression in the phloem poles of the main root as 
well as the expression adjacent to a lateral root primordium and an emerged 
lateral root. 
The confocal analysis indicates that the KNAT6 promoter is active in the phloem 
poles of the Arabidopsis root. 
5.2.4 Sectioning of pKNAT6::GUS Arabidopsis roots 
To support the finding that the KNAT6 promoter is expressed in the phloem 
poles of the Arabidopsis seedling root, pKNAT6::GUS lines 3.1, 10.1 and 15.1 
were used to prepare transverse root sections. 
Seed was surface sterilised and sown onto Vz MS10 SS medium (section 2.2.1). 
Six days after germination (DAG), the seedlings were stained for GUS activity 
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Figure 5.2.3a Orientation of root samples for LSCM 
The blue line indicates the plane of optical sections taken during 
confocal analysis of pKNAT6::GFP transgenic lines 
The xylem pole is indicated by the red dotted line 
Figure 5.2.3b GFP expression in pKNAT6::GFP at 6 DAG 
(i) pKNAT6::GFP line 3d 
Bar approx. 50 pm 
P denotes where the phloem 
pole, with GFP expression, is 
in the plane of focus. 
X denotes where the xylem 
pole, with no GFP expression, 
is in the plane of focus 
Figure 5.2.3b cont. GFP expression in pKNAT6::GFP at 6 DAG 
Bar approx. 50 pm 
(ii) pKNAT6::GFP line 4c 
1 and 3 indicate GFP expression in the phloem poles above and below 
pole the xylem 
2 indicates the plane of the xylem pole, with no GFP expression 
4 indicates GFP expression in the phloem pole above the xylem at 
the base of a lateral root 
5 indicates the plane of the xylem pole at the base of a lateral root 
with no GFP expression 
(ill) pKNAT6::GFP line 16d 
and then embedded in either paraffin (section 2.3.3) or Historesin (2.3.4) before 
being sectioned. The sections were mounted on slides and examined as 
described in sections 2.3.3 and 2.3.4. Sections were taken from the main root 
just below the root/hypocotyl junction for all samples apart from line 3.1 
embedded in Historesin, where samples were taken from further down the main 
root towards the root tip. 
Of the samples embedded in paraffin, only those from Line 10.1 were good 
enough to allow the GUS expression to be localised to a specific cell layer. The 
GUS expression in these sections was seen in the phloem poles of the root 
vascular fissue (Figure 5.2.4a). Most interesfingly, GUS expression was seen in 
the phloem poles adjacent to the point where a new lateral root was initiating 
(Figure 5.2.4a). 
The sections from the Historesin embedded roots from lines 10.1 and 15.1 also 
show that the GUS staining is localised in the phloem poles of the root vascular 
tissue (Figure 5.2.4b). The secfions from line 3.1 which were embedded in 
Historesin were taken from further down the main root and show more 
widespread staining in the vasculature (Figure 5.2.4b). The difference in area of 
the root that was sectioned may account for the variation in the cell type that 
shows GUS staining. 
5.2.5 Analysis of pKNAT6::GUS in tlie wol mutant bacl^ground 
As described in section 1.3.3, the woodenleg (wol) mutant in Arabidopsis is a 
radial pattern mutant that has fewer cells in the vascular system in comparison 
with the wild type. All of these cells differentiate to form xylem elements, leading 
to a lack of phloem cells in the mutant (Scheres et a/., 1995). 
F2 seed was obtained for crosses (section 2.2.5) between pKNAT6::GUS lines 
10.1 and 15.1 and wol mutants. F2 seed was surface sterilised and plated onto 
y2 MS10 SS medium (section 2.1.1). At 6 DAG, the plates were examined and 
plants exhibiting wol phenotype were removed and stained histochemically for 
GUS activity for 16 hours (section 2.3.2). The seedlings were then destained in 
70% v/v ethanol before being mounted in 50% v/v glycerol and examined by 
light microscopy (section 2.3.2). Wild type seedlings from the wol cross were 
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Figure 5.2.4a Paraffin sections from pKNAT6::GUS line 10.1 
P denotes the phloem poles 
X denotes the xylem pole 
L denotes initiating lateral root 
(i) GUS expression in the phloem poles of the vascular 
bundle in Arabidopsis seedling roots 
Bar approx. 20 pm 
(ii) GUS expression in the phloem poles of the vascular 
bundle during lateral root initiation 
Bar approx. 20 pm 
Figure 5.2.4b Historesin sections from pKNAT6::GUS lines 
P denotes the phloem poles 
X denotes the xylem pole 
(i) pKNAT6::GUS 10.1 
Bar approx. 10 pm 
(ii)pKNAT6::GUS 15.1 
Bar approx. 10 pm 
p X 
(iii)pKNAT6::GUS 3.1 
Bar approx. 15 pm 
removed and stained in the same way to act as a control showing GUS 
expression in a wild type background. Representative seedlings from the 
crosses are shown in Figure 5.2.5a. 
The expression patterns in the wild type plants were as described in section 
5.1.3 i.e. expression was seen in the hypocotyl, main root phloem poles and at 
the bases of the lateral roots. 
No GUS expression was seen in root or hypocotyl when pKNAT6::GUS was 
introduced into the wol background. Occasionally, GUS expression was 
detected in the cotyledons of crosses using pKNAT6::GUS 10.1. The presence 
of the GUS gene in F2 progeny was confirmed by the presence GUS staining in 
seedlings with a wild type phenotype. The expression pattern of the KNAT6 
promoter in relation to possible gene function is discussed in Chapter 8. 
5.3 Analysis of KNAT6 transcript levels 
Analysis of the KNAT6 transcript was carried out using two different methods: 
northern analysis and Reverse Transcriptase-mediated PGR (RT-PCR). 
5.3.1 Northern analysis of the KNi475 transcript In different tissues 
Arabidopsis var. 024 seeds were surface sterilised and grown on MS10 SS 
medium (section 2.2.1). Whole seedlings were harvested at 3 days after 
germination (DAG), 5 DAG and 9 DAG and stored at -80°C until required for 
RNA extraction. In addition, at 14 DAG, roots and aerial parts from seedlings 
were harvested and stored as above. 
Wild type 024 seeds were also sown on soil and grown in a controlled-
environment room (section 2.2.2). Mature rosette leaves, cauline leaves, stems, 
flowers and siliques were harvested from these plants and stored at -80°0 until 
required for RNA extraction. 
RNA was extracted from the tissues according to the Logeman RNA extraction 
method detailed in section 2.4.5. 20 p.g of total RNA from each tissue was then 
subjected to formaldehyde gel electrophoresis (section 2.5.2) before being 
stained with ethidium bromide to allow visualisation of the RNA (section 2.5.3 
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Figure 5.2.5a Expression of pKNAT6::GUS In the wol background 
Bar approx. 3 mm 
(i) GUS expression In pKNAT6::GUS lines, 6 DAG 
10.1 15.1 
(II) GUS expression in of pKNAT6::GUS In wol background, 
6 DAG 
/ ' 
and Figure 5.3.1a). The RNA was then transferred to membrane by northern 
blotting (section 2.6.2). 
As a loading control, the membrane was first hybridised with a probe 
corresponding to the ACTIN1 {ACT1) transcript. The probe was prepared by 
amplification from pCR®2.1::ACT using the ACT For and /ACT Re\^ primers. The 
resulting band was purified from an agarose gel (section 2.4.7) before being 
labelled with f^P]a-dCTP (section 2.6.4). Prehybridisation and hybridisation 
was carried out according to the Denhardt's protocol (section 2.6.7). The blot 
was then washed to 90% stringency (section 2.6.9) and exposed to 
autoradiography film for 3 days. The autoradiograph is shown in Figure 5.3.1a. 
After autoradiography, the blot was stripped as detailed in secfion 2.6.11. The 
blot was then rehybridised with a K/V/\r6-specific probe. The original probe 
sequence was the same as that used for genomic Southern analysis as 
described in secfion 4.7 (i.e. the 5' end of KNAT6 consisfing of the 5' UTR and 
exon 1 amplified by PGR from the cloned full length cDNA using the Cafs For 
and Probe R primers under standard PGR condifions). This probe was chosen 
for its specificity to the KNAT6 transcript. The PGR fragment was purified from 
an agarose gel and labelled with pP]a-dCTP in the same way as for the ACT1 
probe. After prehybridisafion and hybridisafion as above, the blot was washed 
to 90% stringency and exposed to autoradiography film for 4 weeks. 
Upon development of the autoradiogram, no signal could be seen (data not 
shown). It was thought possible that the KNAT6 transcript was present at low 
levels, and that use of a longer probe may allow its detecfion. Therefore, the full 
length original splice coding sequence from secfion 4.6 was used as a probe. 
The probe was prepared by amplificafion of the cloned fragment by PGR using 
the Cds For and 3' UTR-116 primers. The resulting PGR product was purified 
from an agarose gel and then labelled with [^^P]a-dCTP in the same way as 
above. Prehybridisafion and hybridisafion was carried out using the Denhardt's 
system. In addifion, the hybridisafion protocol was modified to include 10% w/v 
polyethylene glycol (PEG) 8,000 MW as a volume excluder to increase the 
sensifivity of the hybridisation. The blot was then washed to 85% stringency 
exposed to autoradiography film for 4 weeks. On development of the 
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Figure 5.3.1a Northern analysis of transcripts in 
Arabidopsis tissues 
(i) Gel electrophoresis of RNA samples used for northern 
analysis 





(ii) Hybridisation of RNA samples from Arabidopsis tissues 
with the ACT1 probe 
1 2 3 4 5 6 7 8 9 10 
1134 
bases 
autoradiogram, no bands could be detected (data not shown) and it was 
concluded that the KNAT6 transcript was below the level of detection. 
5.3.2 RT-PCR analysis of the KNAT6 transcript in seedlings 
As mentioned in section 5.3.1, the KNAT6 transcript was not detected on a 
northern blot using 20 ^g of total RNA from various tissues, including some 
samples from seedlings. Therefore, semi-quantitative RT-PCR was used to 
determine KNAT6 transcript levels in seedlings over a developmental time 
course. 
Root and aerial tissue was harvested from Arabidopsis Col-0 seedlings grown 
on 'A MS10 SS medium at 3 DAG, 6 DAG, 9 DAG, 12 DAG and 14 DAG. These 
time points were the same as those used for the GUS staining experiments 
detailed in section 5.1.3. RNA was extracted from the tissue samples using the 
RNeasy kit (section 2.4.6) before being quantified spectrophotometrlcally 
(section 2.4.10). 
As mentioned in section 2.12, semi-quantitative RT-PCR relies on the selection 
of a standard transcript that acts as a "loading control" with which to compare 
the gene of interest. The loading control should be expressed at the same level 
in each of the tissues of interest. For this work, the ACT1 transcript {ACTIN1) 
was selected. This gene is expressed at low but equal levels in root and aerial 
vegetative parts Arabidopsis seedlings (An et a/., 1996). 
Primers with similar annealing temperatures that give products of similar lengths 
are used to amplify the control gene and the gene of Interest from a standard 
amount of RNA. The amplification of ACT1 was carried out using ACT For and 
ACT Rev primers and the amplification of KNAT6 used HD Exon 1 and HD 
£xon 4 Rev primers. These primers were designed around introns to allow PCR 
products from contaminating genomic DNA to be distinguished from product 
from the KNAT6 or ACT 1 transcripts (Table 5.3.2a). 
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Table 5.3.2a Sizes of PGR products from cDNA and genomic DNA templates 
Gene Primers cDNA product size Genomic product size 
ACT1 /ACT For and/ACT Rev 527 bp 638 bp 
KNAT6 
HD Exor) 1 and HD 
Exon 4 Rev 
608 bp 4518 bp 
Before the relative amounts of the ACT1 and KNAT6 transcripts in the samples 
can be determined, the number of cycles where PGR amplification is in the 
exponential stage must be determined. The RNA sample obtained from 
Arabidopsis aerial parts harvested 6 DAG was used for cycle quantification. 
Cycle quantification was carried out according to the method given in section 
2.12. The RNA was first treated with DNase to remove any contaminating DNA. 
Although the primers amplify products of different sizes from DNA and RNA, 
amplification from DNA would compete with that from RNA and may alter the 
results. After DNase treatment, five identical reactions for each primer pair {ACT 
For + ACT Rev and HD Exon 1 + HD Exon 4 Rev) were set up. Each reaction 
contained 1 i^ g of RNA. In addition, a negative control reaction for each primer 
pair where the AMV reverse transcriptase was omitted was also prepared. This 
negative control acted to show that none of the other components of the 
reaction mixture were contaminated with either of the transcripts of interest. 
The reactions were then subjected to amplification as detailed in section 2.12. 
The PCR machine was programmed for 40 cycles of amplification as detailed in 
section 2.12. However, a single sample for each primer pair was removed after 
20, 25, 30 and 35 cycles. The remaining samples as well as the negative 
controls were left until the run was complete, giving 40 cycles amplification in 
total. 10 \i\ of each PCR product was then analysed by gel electrophoresis 
(Figure 5.3.2a). The negative controls showed no product as expected and 
indicated that there was no contamination in the system. Amplification in the 
exponential phase was seen between 20 and 30 cycles for the ACT1 transcript 
and between 30 and 40 cycles for KNAT6. Therefore, ACT1 transcript 
quantification was carried out with 25 cycles amplification and KNAT6 transcript 
quantification was carried out with 35 cycles amplification. 
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Figure 5.3.2a Oycle quantification from amplification of ACT1 
and KNAT6 transcripts from Arabidopsis RNA 
1 2 3 4 5 6 M 7 8 9 10 11 12 
527 bp • l - JOS bp 
MNP' i l M i i 
Lanes 1 and 7 show the -RT negative controls with 40 
cycles amplification. 
The other samples are as follows: 
Lane Sample 
2 >ACn transcript, 20 cycles 
3 ACT1 transcript, 25 cycles 
4 ACT1 transcript, 30 cycles 
5 ACT1 transcript, 35 cycles 
6 ACT1 transcript, 40 cycles 
8 KNAT6 transcript, 20 cycles 
9 KNAT6 transcript, 25 cycles 
10 KNAT6 transcript, 30 cycles 
11 KNAT6 transcript, 35 cycles 
12 KNA T6 transcript, 40 cycles 
M size markers 
2 |ag of each of the 10 RNA samples prepared as detailed above were treated 
with DNase as before. 1 ^g of RNA was used in a RT-PCR reaction using the 
ACT1 primers with 25 cycles of amplification and 1 i^g was used in a RT-PCR 
reaction using the KNAT6 primers with 35 cycles of amplification. 10 i^l of each 
PCR product was analysed by gel electrophoresis (Figure 5.3.2b). To verify that 
the correct transcript had been amplified from the RNA, the product obtained 
with the ACT1 primers and the KNAT6 primers using RNA from Arabidopsis 
aerial parts harvested 3 DAG was sequenced with the appropriate fonward 
primer. 
The ACT1 transcript that was amplified was constant in the samples, indicating 
that the same amount of RNA was used In each sample. The amount of KNAT6 
transcript that was amplified was also constant in each sample. This Indicated 
that KNAT6 is expressed at similar levels in root and aerial tissues In seedlings 
between 3 and 14 days after germination (DAG). 
The agreement between the analysis of the KNAT6 transcript levels with the 
GUS histochemical analysis carried out In section 5.1.3 will be discussed more 
in section 8.3.4. 
5.4 Localisation of KNAT6 protein using GFP::KNAT6 protein fusions 
The cell type in which the KNAT6 promoter was active was investigated using 
the GUS and GFP reporter genes (sections 5.1.5 and 5.2.3). However, there Is 
evidence that both the transcript and protein of the class 1 KNOX gene KN1 are 
trafficked (section 1.4.2.4). To investigate the localisation of the KNAT6 protein 
in a particular cell type, as well as its subcellular localisation, constructs for the 
expression of C and N terminal KNAT6::GFP protein fusions were made and 
introduced into Arabidopsis. 
The C terminal and N terminal protein fusions of the GFP reporter gene to 
KNAT6 were made using different systems as detailed below. 
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Figure 5.3.2b Analysis of transcript levels in Arabidopsis seedlings 
(i) ACT1 transcript after 25 cycles amplificafion 
in Arabidopsis seedling fissues 
1 2 3 4 5 6 7 8 9 10 
527 bp 9 ii^iM HNMi ly^^ IMV^W Hgmll^  MlHIt H M i H 
(ii) KNAT6 transcript after 35 cycles amplificafion in 
Arabidopsis seedling fissues 
1 2 3 4 5 6 7 8 9 10 
608 bp 
Lanes for (i) and (ii) are as follows 
Lane Sample 
1 3 DAG seedling aerial parts 
2 3 DAG seedling roots 
3 6 DAG seedling aerial parts 
4 6 DAG seedling roots 
5 9 DAG seedling aerial parts 
6 9 DAG seedling roots 
7 12 DAG seedling aerial parts 
8 12 DAG seedling roots 
9 14 DAG seedling aerial parts 
10 14 DAG seedling roots 
5.4.1 Production of plants expressing a C terminal KNAT6::GFP protein 
fusion 
The C terminal fusion was made using the p35S::fusion-GFP vector. This vector 
contained the CaMV 35S promoter to drive expression of the fusion protein 
followed by a small multiple cloning site upstream of the coding sequence for 
smGFP (Davis and Vierstra, 1998) and the CaMV 35S terminator. The smGFP 
does not contain an ATG, so allowing translation of a single protein consisting 
of the KNAT6 and GFP coding sequences. An overview of the strategy is shown 
in Figure 5.4.1a. 
Primers {GFP-RE2-F and GFP-RE2-R) were designed to allow the amplification 
of the KNAT6 coding region. These primers included Smal sites to allow cloning 
into the p35S::fusion-GFP vector. A small part of the KNAT6 5' UTR 
(downstream of any ORFs which start with an ATG) was included in the 
construct. The reverse primer did not include the KNAT6 stop codon and was 
designed to ensure that the KNAT6 coding sequence was in frame with the 
GFP coding sequence. The positions of the primers in the KNAT6 transcript are 
shown in Figure 5.4.1b. 
The primers were used to amplify the KNAT6 coding region from the original 
splice fragment that was cloned in section 4.6 using the Expand™ High Fidelity 
PCR system (section 2.8.2). The PCR products were analysed by gel 
electrophoresis (section 2.5.1) and a band of 945 bp was obtained as expected 
(Figure 5.4.1c). The band was cut out and purified using the QIAquick® Gel 
Extraction kit (section 2.4.7) before being cloned into the pCR®2.1-T0P0 
(section 2.7.4). The ligation mix was introduced into chemically competent E. 
CO// and white putative positive colonies were checked by colony PCR (section 
2.8.1) using the universal primers M13F and M13R. A colony containing an 
insert of the correct size was selected and used to prepare plasmid DNA 
(section 2.4.1). 
The plasmid containing the KNAT6 coding sequence was sequenced using the 
M13F and I\/I13R primers to confirm that no errors had been introduced during 
the PCR amplification. This plasmid was then digested with Smal (section 2.7.1) 
to release the insert. At the same time, the p35S::fusion-GFP vector was 
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Figure 5.4.1a C terminal KNAT6: :GFP protein fusion construct 
cloning strategy 
KNAT6 coding region (including the ATG, minus 
the stop codon) amplif ied by PGR with Smal l inkers 
^ r 
Coding sequence fragment cloned into the 
p C R ® 2 . 1 - T 0 P 0 vector, sequenced and then 
excised as a Smal f ragment 
Coding sequence fragment ligated into the p35S::fusion-GFP 
vector l inearised with Smal . Recombinant plasmid isolated 
KNAT6: :GFP cassette excised as an EcoRI f ragment and ligated 
into the pCIRCE binary vector l inearised with EcoRI 
Recombinant plasmid isolated and sequenced to verify construct 
EcoRI Smal Smal EcoRI 
j 35SP KNAT6 coding seq GFP coding seq 35S T 
Figure 5.4.1b KNAT6 coding region used for C terminal 
KNAT6: :GFP protein fusions 
The upstream ORF is shown underl ined 
The KNAT6ATG is shown in red 
The GFP-RE2-F and GFP-RE2-R primer are 
shown in green 
The KNAT6 stop (TGA) is shown in orange 
GAGCCTTTTAGCATATGTCCII I I I CGTAATTATCATTTTATTTTTC 




























Figure 5.4.1c Amplif ication of the 945 bp KNAT6 coding 
sequence by PGR 
945 bp 
Figure 5.4.1 d Release of 945 bp KNAT6 coding region 





Figure 5.4.1e Linearisetion of the 4.1 kb p35S:: fusion-GFP 
vector by digestion with Smal 
4.1 kb 
digested with Smal before being dephospl iorylated (section 2.7.1) to prevent 
religation during t i ie subsequent cloning steps. Botl i digests were analysed by 
gel electrophoresis (Figures 5.4.1d and e). 
The KNAT6 f ragment was then ligated into the l inearised p35S:: fusion-GFP 
vector (section 2.7.3) and introduced into chemically competent E. coli. Putative 
positive colonies were checked by colony PGR using the Probe F and 5 ' RACE 
1 pr imers. Plasmid was prepared from 5 positive colonies (section 2.4.1). As the 
KNAT6 f ragment could have ligated into the p35S:: fusion-GFP vector in either 
orientat ion, further PGR was carried out on these plasmids to determine the 
orientation of the KNAT6 f ragment. A forward primer to the 35S promoter, 35S 
P1, was used in conjunction with either the Probe F primer or the 5 ' RACE 1 
primer. Standard PGR was carried out on the plasmids with these primer pairs 
and the products analysed by gel electrophoresis (Figure 5 .4 . I f ) . The results 
are summar ised in Table 5.4.1a. 
Table 5.4.1a PGR reactions to determine KNAT6 orientation in the 
p35S:: fusion-GFP vector 
Reaction Plasmid Reverse primer Product size, bp Present? 
1 1 5'RACE 1 600 No 
2 1 Probe F 1,124 Yes 
3 2 5'RACE 1 600 No 
4 2 Probe F 1,124 Yes 
5 3 5'RACE 1 600 No 
6 3 Probe F 1,124 Yes 
7 4 5'RACE 1 600 No 
8 4 Probe F 1,124 Yes 
9 5 5'RACE 1 600 Yes 
10 5 Probe F 1,124 No 
Plasmid 5 contains an insert in the correct orientation as indicated by the 
presence of a 600 bp product with the 35S P7 primer and the Probe F primer. 
This plasmid was digested with EcoRI to release the KNAT6: :GFP cassette. 
The pGIRGE binary vector was also digested with EcoRI before being 
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Figure 5.4.1f Determination of insert orientation in recombinant 
p35S::KNAT6::GFP plasmids 
1 2 3 4 5 6 7 8 9 10 
1.1 kb 
600 bp 
Primer 2 was the 35S P I primer in all reactions. Lanes are 
as fol lows: 
Lane Primer 1 Plasmid 
1 5'RACE1 1 
2 Probe F 1 
3 5-RACE1 2 
4 Probe F 2 
5 5'RACE1 3 
6 Probe F 3 
7 5'RACE1 4 
8 Probe F 4 
9 5'RACE1 5 
10 Probe F 5 
dephosphorylated as before. Both digests were analysed by gel electrophoresis 
(Figure 5.4.1g and h) before the appropriate bands were cut out and purif ied. 
The expression cassette was then ligated into the digested pGIRGE and 
introduced into chemical ly competent E. coli. Whi te putative positive colonies 
were checked by colony PGR using the GFP-RE2-F and GFP-RE2-R pr imers. A 
positive colony was selected and plasmid was prepared (section 2.4.2) and then 
sequenced using the 35S P1 pr imer and a reverse primer to the 35S terminator, 
35S 77, to verify that the construct was correct. 
The plasmid was then introduced into electrocompetent Agrobacterium 
tumefaciens strain G58C3 (section 2.2.3). Putative positive colonies were 
checked by colony PGR using the GFP-RE2-F and GFP-RE2-R pr imers. A 
positive colony was then used to introduce the construct to Arabidopsis var. 
Gol-0 using the dipping method (section 2.2.4). 
T1 seed from the dipped plants was collected and sown on 72 MS10 SS 
medium supplemented with 35 mg/L kanamycin sulphate and 200 mg/L 
augment in. Kanamycin-resistant seedl ings were transferred to soil 7-10 DAG 
and T2 seed was harvested as individual lines. 
5.4.2 Production of plants express ing an N-termlnal alcohol- lnduclble 
G F P : : K N A T 6 fusion protein 
The N terminal fusion was made using the GATEWAY™ cloning system. The 
KNAT6 coding region was introduced into the GATEWAY™ compatible entry 
vector pENTR3c by restriction endonuclease digestion and l igation. The KNAT6 
coding region was then mobil ised into the binary vector pB inAGRFAN via a 
series of LR and BP reactions (see section 2.7.5 and Figure 5.4.2a). 
pB inAGRFAN utilises the alcohol-inducible AlcA/AlcR system to drive 
expression of the fusion protein via the GaMV 35S promoter (Figure 5.4.2b). 
The GFP variant in this vector is also smGFP (Davis and Vierstra, 1998). In this 
case, the smGFP coding sequence does not include a stop codon to allow 
translation of a single protein f rom the GFP and KNAT6 coding sequences. 
Primers {GFP-GW2-F and GFP-GW2-R) were designed to allow the 
amplif ication of the KNAT6 coding sequence. These primers included EcoRI 
152 
Figure 5.4.1g Release of the 2.4kb KNAT6: :GFP fusion cassette 
f rom the p35S::fusion-GFP vector by digestion with EcoRI 
2.7 kb p35S::fusion-
GFP vector 
2.4 kb KNAT6::GFP 
fusion cassette 
Figure 5.4.1 h Linearisation of the 11.4 kb pCIRCE vector 
by digestion with EcoRI 
11.4 kb 
Figure 5.4.2a G A T E W A Y ™ cloning strategy for the production 
of N terminal GFP: :KNAT6 fusions 
KNAT6 coding region (minus the A T G , including the 
stop codon) amplif ied by PGR with EcoRI linkers 
Coding sequence fragment cloned into the p C R ® 2 . 1 - T 0 P 0 
vector, sequenced and then excised as an EcoRI f ragment 
Coding sequence fragment ligated into the pENTR3C entry 
vector l inearised with EcoRI . Recombinant plasmid isolated 
LR reaction performed to transfer KNAT6 coding sequence to pGAT4 
destination vector. Recombinant plasmid isolated 
1 r 
BP reaction performed to transfer KNAT6 coding sequence to 
pDONR207 donor vector. Recombinant plasmid isolated 
LR reaction performed to transfer KNAT6 coding 
sequence to pBinAGRFAN destination vector 
Recombinant plasmid isolated and sequenced 
to verify 
Figure 5.4.2b The alcohol-inducible system and N-terminal 
GFP: :KNAT6 fusion protein construct 
The GaMV 35S promoter is shown in red 
The AlcR coding sequence is shown pale blue 
AIcA promoter is shown in orange 
The GFP coding sequence is shown in green 
The KNAT6 coding sequence is shown in dark blue 
AlcR cds 
AlcR protein produced 
under control of CaMV 
35S promoter 
+ ethanol 




GFP::KNAT6 fusion protein expressed 
sites to allow cloning into the pENTR3C entry vector. The forward primer did not 
include the KNAT6 ATG and was designed to ensure that the KNAT6 coding 
sequence was in f rame with the GFP coding sequence. The positions of the 
primers in the KNAT6 transcript are shown in Figure 5.4.2c. 
The primers were used to ampli fy the KNAT6 coding region from the original 
splice fragment that was cloned in section 4.6 using the Expand™ High Fidelity 
PCR system (section 2.8.2). The PGR products were analysed by gel 
electrophoresis (section 2.5.1) and a band of 900 bp was obtained as expected 
(Figure 5.4.2d). The band was cut out and purified using the QIAquick® Gel 
Extraction kit (section 2.4.7) before being cloned into the p C R ® 2 . 1 - T 0 P 0 
(section 2.7.4). The ligation mix was introduced into chemical ly competent E. 
coli and putative positive colonies were checked by colony PCR (section 2.8.1) 
using the universal primers M13F and M13R. A colony containing an insert of 
the correct size was selected and used to prepare plasmid DNA (section 2.4.1). 
The plasmid was then sequenced using M13F and M13R to verify that no errors 
had been introduced during the PCR amplif ication. 
The plasmid was then digested with EcoRI (section 2.7.1) to release the KNAT6 
coding sequence fragment. The pENTRSC entry vector was also digested with 
EcoRI to release the cytotoxic ccdB gene f rom the vector backbone before 
being dephosphorylated (section 2.7.2). Both digests were analysed by gel 
electrophoresis (Figure 5.4.2e) and the appropriate bands were cut out and 
purif ied as above. The KNAT6 f ragment was ligated into the l inearised 
pENTRSC vector and then introduced into chemical ly competent E. coli. 
Putative positive colonies were checked by colony PCR using primers designed 
around the pENTR3C multiple cloning site {pENTR3CF and pENTR3CR) and 
six colonies containing the KNAT6 insert were identif ied. 
As the KNAT6 f ragment could have ligated into pENTR3C in either orientat ion, 
further PCR was carried out on the colonies to determine the orientation of the 
inserts. The GFP-GW2-R primer was used in conjunction with either the 
pENTR3CF primer or the pENTR3CR primer. A band of approximately 1,200 bp 
was seen in the reaction with either the GFP-GW2-R primer + pENTR3CF or 
the GFP-GW2-R primer + pENTR3CR. Colony PCR was carried out and the 
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Figure 5.4.2c KNAT6 coding region used for N terminal 
GFP: :KNAT6 protein fusions 
The KNAT6 A T G is shown in red 
The GFP-GIV2-F and GFP-GW2-R primers are underl ined 
























Figure 5.4.2d Amplif ication of the 900 bp KNAT6 coding 
sequence with EcoRI linkers by PGR 
900 bp KAMre coding 
sequence 
Figure 5.4.2e Preparation of f ragment for cloning the 
KNAT6 coding sequence into the pENTRSC entry vector 
2.2 kb 
PENTR3C 
vector 900 bp KNAT6 
coding sequence 
Lane 1 shows the linearisation of the 2.2 kb pENTR3C entry 
vector and the release of the 500 bp cytotoxic ccdB gene by 
digestion with EcoRI. 
Lane 2 shows the release of the 900 bp KNAT6 coding 
sequence from the 3.9 kb p C R ® 2 . 1 - T 0 P 0 vector by digestion 
with EcoRI 
products analysed by gel electrophoresis (Figure 5.4.2f). A summary of the 
PGR results is shown in Table 5.4.2a. 
Table 5.4.2a Determinat ion of KNAT6 coding sequence orientation in 
PENTR3G by PGR 
Reaction Colony Reverse primer 1,200 bp product? 
1 1 pENTR3CF Yes 
2 1 PENTR3CR No 
3 2 PENTR3CF Yes 
4 2 pENTRSCR No 
5 3 pENTRSCF No 
6 3 pENTRSCR Yes 
7 4 pENTRSCF No 
8 4 pENTRSCR Yes 
9 5 pENTRSCF Yes 
10 5 pENTRSCR No 
11 6 pENTRSCF Yes 
12 6 pENTRSCR No 
Golonies that showed a band in the reaction with pENTRSCF were selected as 
having the KNAT6 f ragment in the correct orientat ion. Golony 1 was selected 
and used to prepare plasmid DNA (section 2.4.1). The KNAT6 f ragment was 
then mobil ised to the pGAT4 destination vector via the LR reaction (section 
2.7.5). The clonase reaction was introduced into chemical ly competent E. coli 
and plasmid was prepared f rom four putative posit ive colonies. Plasmid was 
digested with either EcoRI or Xbal and analysed by gel electrophoresis (Figure 
5.4.2g). All of the plasmids had an insert of the correct size. 
Golony 1 was selected and used in the BP reaction with the donor vector 
pDONR207 (section 2.7.5). The clonase reaction was introduced into E. coli as 
before and plasmid was prepared from five colonies and analysed by digestion 
with EcoRI (Figure 5.4.2.h). All plasmids contained an insert and plasmid 3 was 
selected for the final LR reaction between pDONR207 containing the KNAT6 
coding sequence and pB inAGRFAN. The reaction was introduced into E. coli 
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Figure 5.4.2f Determination of orientation of KNAT6 coding 
sequence fragments into pENTR3C 
1 2 3 4 5 6 7 8 9 10 11 12 • 
1.2 k b _ 
PCR was carried out using the GFP-GW2-R primer with either the 
pENTR3CF or the pENTR3CR primer 
Lane Primer C 
1 pENTR3CF 1 
2 pENTR3CR 1 
3 pENTR3CF 2 
4 PENTR3CR 2 
5 PENTR3CF 3 
6 PENTR3CR 3 
7 PENTR3CF 4 
8 PENTR3CR 4 
9 pENTR3CF 5 
10 pENTR3CR 5 
11 PENTR3CF 6 
12 pENTR3CR 6 
Figure 5.4.2g Diagnostic digests of the KNAT6 coding 
sequence in the pGAT4 vector 
1 2 3 4 5 6 7 8 
3 k b 
1 kb 
A 0.9 kb fragment is released f rom the pGAT4 vector on 
digestion with EcoRI, and a 1.2 kb f ragment is released on 
digestion with Xba l . 
Lane Plasmid Digest 
1 1 EcoRI 
2 1 Xbal 
3 2 EcoRI 
4 2 Xbal 
5 3 EcoRI 
6 3 Xbal 
7 4 EcoRI 
8 4 Xbal 
Figure 5.4.2h Diagnostic digests of the KNAT6 coding 
sequence in the pDONR207 vector 
1 2 3 4 
1 kb 
Lanes 1 -4 show the release of the 
900 bp KNAT6 coding sequence 
from the pDONR207 donor vector by 
digestion with EcoRI. 
Figure 5.4.2i Diagnostic digests of the KNAT6 
coding sequence in the pBinAGRFAN vector 
1 2 3 4 
1 kb 
Lanes 1-4 show the release of the 
900 bp KNAT6 coding sequence 
from the pBinAGRFAN destination 
vector by digestion with EcoRI. 
and plasmid was prepared f rom four colonies and analysed as above (Figure 
5.4.2i). All four plasmids contained the correct insert. 
Plasmid 1 was sequenced with the Probe F and HD Exon 5 primers to ensure 
that the construct was correct. The pB inAGRFAN vector containing the KNAT6 
coding sequence was then introduced into electrocompetent Agrobacterium 
tumefaciens strain C58C3 (section 2.2.3). Putative positive colonies were 
checked using the GFP-GW2-F and GFP-GW2-R primers and a colony 
containing the plasmid was used to introduce the construct into Arabidopsis war. 
Col-0 by the dipping method (section 2.2.4). 
T1 seed f rom the dipped plants was collected and sown onto 72 MS10 SS 
medium supplemented with 35 mg/L kanamycin sulphate and 200 mg/L 
augment in . Kanamycin-resistant seedl ings were transferred to soil 7-10 days 
after germination (DAG) and 72 seed was harvested as individual l ines. Time 
constraints meant that this T2 seed was not analysed further. 
5.5 Summary 
The results presented in this chapter detai led the production and analysis of 
pKNAT6: :GUS expressing plants. This showed that the KNAT6 promoter was 
active in the hypocotyl and the phloem poles of the main root, especially at the 
bases of emerged lateral roots. The GUS expression was strongest at the 
crown and faded towards the root t ip. In addit ion, GUS appeared to be 
expressed predominantly in areas of the main root where lateral roots were 
emerging. The activity of the KNAT6 promoter in the phloem poles of roots was 
confirmed by the analysis of plants expressing pKNAT6: :GFP. Analysis of 
crosses where the pKNAT6: :GUS Lines 10.1 and 15.1 were introduced the wol 
background revealed that the KNAT6 promoter was not active in the roots of 
plants where the phloem poles were absent. 
Treatment of pKNAT6: :GUS lines with plant hormones was also carried out. 
The synthetic auxin analogue 1-NAA appeared to alter the KNAT6 promoter 
activity and lead to expression of GUS at the root tip while the cytokinin 
analogue BA caused downregulat ion. The auxin eff lux carrier inhibitor NPA also 
reduced KNAT6 promoter activity while the auxin efflux carrier inhibitor TIBA 
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and the ethylene precursor ACC did not appear to significantly affect pronnoter 
activity. In addit ion, introduction of GUS lines 10.1 and 15.1 into a rty 
background showed a similar expression pattern as on treatment with 1-NAA, 
especially in Line 10 .1 . 
The KNAT6 transcript was not detectable by northern analysis, but semi -
quantitative RT-PCR indicated that the KNAT6 transcript was present in the 
roots and aerial parts of Arabidopsis seedl ings over a developmental t ime 
course. 
Finally, plants carrying a C terminal KNAT6: :GFP fusion protein under control of 
the CaMV 35S promoter and an N terminal alcohol-inducible GFP: :KNAT6 
fusion protein were generated and are await ing analysis. 
156 
Chapter 6 Funct ional A n a l y s i s of KNAT6 us ing t ransgen ics 
Functional analysis of the KNAT6 gene was at tempted by investigating the 
effects of misexpression (sense overexpressing constructs) and downregulat ion 
(antisense and RNAi) of KNAT6. The Cauli f lower Mosaic Virus 35S (CaMV 
35S) RNA gene promoter was used to drive sense and antisense gene 
expression in transgenic plants. RNAi constructs were made using two different 
regions of the KNAT6 coding region, with each region being introduced into 
plants under control of both the CaMV 35S promoter and the KNAT6 promoter. 
6.1 Overexpress ion and ant isense of KNAT6 
Sense and antisense expression constructs were made using the pDH51 
vector, which contains the CaMV 35S promoter and terminator separated by a 
multiple cloning site. Overexpression of the KNAT6 transcript was used to 
examine the effect of misexpression of this gene in vivo. Downregulat ion of 
KNAT6 using an antisense approach was also at tempted. The cloning strategy 
is shown in Figure 6.1a. 
6.1.1 Production of KNAT6 overexpress ion and an t isense plants 
When designing the constructs, as much 5' UTR as possible was included in 
case it was required for eff icient expression of KNAT6. As ment ioned in section 
4 . 1 , several ORFs were identified in the 5' UTR of the KNAT6 cDNA. Inclusion 
of these in the overexpressing constructs was avoided as they may have 
provided an alternative translation start that could have reduced the amount of 
KNAT6 protein that was produced. The Cds For pr imer was designed just 
downstream of the ORF closest to the KNAT6 A T G , and included an X b a l site 
for the cloning steps (Figure 6.1.1a). The 3' UTR of KNAT6\Nas also included in 
the construct. The 3' UTR-116 primer was resynthesised with an X b a l site for 
use in this work. 
Poly(A)'^ f rom NAA-treated Arabidopsis roots was used for reverse transcription 
with the Oligo d(T ) i5 adaptor primer (section 2.9.1). The resulting cDNA was 
purified as detailed in section 2.9.2 before being used as a PCR template with 
the Expand™ High Fidelity PCR system (section 2.8.2) using the Cds For and 3' 
UTR-116 Xbal primers. The resulting 1.3 kb PCR product (Figure 6.1.1b) was 
157 
Figure 6.1a Sense and antisense construct cloning strategy 
KA//A76 coding region including 5' UTR amplif ied by 
PGR with Xbal linkers 
Coding sequence fragment cloned into the 
p C R ® 2 . 1 - T 0 P 0 vector, sequenced and then 
excised as an Xba l f ragment 
Coding sequence fragment ligated into the pDH51 vector 
l inearised with Xbal . Orientation of inserts determined 
Recombinant plasmids with the KNAT6 coding sequence 
In the sense and antisense orientation isolated 
1 r 
Sense and antisense cassettes excised as EcoRI f ragments and 
ligated into the pCIRCE binary vector l inearised with EcoRI 
Recombinant plasmid isolated and sequenced to verify 
EcoRI Xbal Xbal EcoRI 
1 L J 
/<A/>A 76 sense 35S T 
EcoR\ Xbal Xbal 
3 5 S P KNAT6 antisense 3 5 S T 
pCIRCE 
pCIRCE 
Figure 6.1.1a KNAT6 f ragment used for production of 
sense and ant isense constructs 
• 5 "UTR 
° ATG of closest upstream ORF in 5' UTR 
• Coding sequence 
• 3 ' U T R 
• Extra bases in alternate splice isoform 
































Figure 6.1.1b Amplif ication of the1.3 kb KNAT6 f ragment 
with Xba l linkers by PGR 
l .3kb 
Figure 6.1.1c Release of the 1.3 kb KNAT6 f ragment f rom 
the p C R ® 2 . 1 - T 0 P 0 
Lane 1 shows the release of the 1.3 
kb alternative splice KNAT6 coding 
sequence f rom the 3.9 kb p C R ® 2 . 1 -
T O P O vector by digestion with EcoRI 
Lane 2 shows the release of the 3.9 
kb original splice KNAT6 coding 
sequence f rom the 3.9 kb p C R ® 2 . 1 -
T O P O vector by digestion with EcoRI 
Figure 6.1. Id Linearisation of the 3.4 kb pDH51 vector by 




cut out and purified (section 2.4.7), cloned into the p C R ® 2 . 1 - T 0 P 0 vector 
(section 2.7.4) and the resulting colonies checked by colony PCR (section 
2.8.1) using the universal pr imers A/ / t3Fand I\/I13R. Plasmid DNA was prepared 
from colonies with an insert of the correct size. Sequencing with I^ISF and 
I\/I13R primers was then used to determine which isoform had been cloned and 
to ensure that no errors had been introduced to the sequence during PCR 
amplif ication. 
After identification of both the original and alternate splice KNAT6 c loned 
cDNAs, the plasmids were digested with X b a l (section 2.7.1) to release the 
KNAT6 f ragment. The pDH51 vector was also digested with X b a l before being 
dephosphorylated to prevent religation (section 2.7.2). The digests were 
analysed by gel electrophoresis (Figure 6.1.1c and d) and the appropriate 
bands were cut out and purif ied using the QIAquick® Gel Extraction kit (section 
2.4.7). 
Each of the KNAT6 f ragments were then ligated into the linearised pDH51 
vector as described in section 2.7.3 and introduced into chemically competent 
E. coli (section 2.7.6). As the same restriction site was used on both ends of the 
KNAT6 f ragments, inserts could ligate into pDH51 in either orientation. This 
al lowed the overexpressing (sense) and the ant isense cassettes to be 
generated with a single ligation step for each KNAT6 cDNA. To determine the 
orientation of the inserts, colony PCR was carried out on putative positive 
colonies using the CaMV 35S promoter primer 35s ENH For and either the Cofs 
For pr imer or the 3 ' UTR-116 Xbal primer. A product of 1721 bp was expected 
in either the reaction with the 3 ' UTR -116 Xbal pr imer or with the Cds For 
primer, depending on the insert orientation. The colony PCR results are shown 
in Figures 6.1.1e and 6.1.I f . 
For each KNAT6 cDNA, single colonies containing either a sense or an 
antisense cassette were selected and are shown in Table 6.1.1a 
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Figure 6.1.1e Colony PCR to determine the insert orientation of 
original splice KA/yA76 f ragments into the pDH51 vector 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
1.7 kb 
PCR was carried out using the 35S ENH For primer and one 
other primer as fol lows: 
Lane Colony Primer 2 
1 1 Cds For 
2 1 3-UTR-116Xbal 
3 2 Cds For 
4 2 3'UTR-116Xbal 
5 3 Cds For 
6 3 3'UTR-116Xbal 
7 4 Cds For 
8 4 3-UTR-116Xbal 
9 5 Cds For 
10 5 3'UTR-116Xbal 
11 6 Cds For 
12 6 3'UTR-116Xbal 
13 7 Cds For 
14 7 3'UTR-116Xbal 
Figure 6.1.If Colony PGR to determine the insert orientation of 
alternate splice KNAT6 f ragments into the pDH51 vector 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
1.7 kb 
PGR was carried out using the 35S ENH For primer and one 
other primer as fol lows: 
Lane Colony Primer 2 
1 1 Cds For 
2 1 3'UTR-116Xbal 
3 2 Cds For 
4 2 3'UTR-116Xbal 
5 3 Cds For 
6 3 3'UTR-116Xbal 
7 4 Cds For 
8 4 3'UTR-116Xbal 
9 5 Cds For 
10 5 3'UTR-116Xbal 
11 6 Cds For 
12 6 3'UTR-116Xbal 
13 7 Cds For 
14 7 3'UTR-116Xbal 
15 8 Cds For 
16 8 3'UTR-116Xbal 
17 9 Cds For 
18 9 3' UTR-116Xbal 
Table 6.1.1a Colonies containing KNAT6 sense and ant isense cassettes 
KNAT6cDm Orientation Colony number 
Original splice Sense 3 
Original splice Ant isense 1 
Alternate splice Sense 6 
Alternate splice Ant isense 13 
These four colonies were used to prepare plasmid DNA. The 1700 bp cassettes 
were then released from the pDH51 vector by restriction endonuclease 
digestion with E c o R I . The pCIRCE binary vector was also digested with EcoRI 
before being dephosphorylated as before. The digests were analysed by gel 
electrophoresis (Figure 6.1.1g, h and i) before the appropriate bands were 
purified f rom the gel. 
Each cassette was then ligated into the linearised pCIRCE and the products 
introduced into chemically competent E. coli. Whi te recombinant colonies were 
checked by colony PCR using the 35S ENH For pr imer and either the 3 ' UTR-
116 Xbal pr imer (for sense constructs) or the Cds For pr imer (for antisense 
constructs). Plasmid DNA was prepared f rom colonies containing the 
recombinant pCIRCE plasmid using the Qiagen Midi Prep kit (section 2.4.2). 
The plasmids were sequenced with M13F and M13R primers to confirm the 
construct was correct. 
The plasmids were then introduced into electrocompetent Agrobacterium 
tumefaciens strain C58C3 as descr ibed in section 2.2.3. Colonies were checked 
by colony PCR using the 35S ENH For primer and either the 3 ' UTR-116 Xbal 
primer (for sense constructs) or the Cds For primer (for antisense constructs). 
Positive colonies were selected and used for introduction of the constructs to 
Arabidopsis var. Columbia by the dipping method (section 2.2.4). T1 seed from 
the dipped plants was sown on 'A MS10 SS medium supplemented with 35 
mg/L kanamycin sulphate and 200 mg/L augment in. Kanamycin-resistant 
t ransformed seedlings remained green while sensit ive seedlings became 
bleached 7-10 days after germinat ion (DAG) on the selective medium. 
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Figure 6.1.1g Release of 1.7 kb original splice 35S: :KNAT6 






Lane 1 shows the 
sense cassette 
Lane 2 shows the 
anitsense cassette 
Figure 6.1.1h Release of 1.7 kb alternate splice 35S::KNAT6 
cassettes f rom the 2.7 kb pDH51 vector by digestion with EcoRI 
2.7 kb 
1.7 kb 
Lane 1 shows the 
sense cassette 
Lane 2 shows the 
anitsense cassette 
Figure 6.1.1 i Linearisation of the 11.4 kb pCIRCE vector by 
digestion with EcoRI 
11.4 kb 
Transformed plants were transferred to soil and T2 seed collected as individual 
lines. 
6.1.2 Isolation of KNAT6 overexpress ing l ines 
The number of unlinked T-DNA loci in a hemizygous line can be est imated by 
the ratio of kanamycin-resistant (Kan'^) seedl ings to kanamycin-sensit ive (Kan^) 
seedl ings (Table 6.1.2a). 
Table 6.1.2a Segregat ion ratios and T-DNA loci numbers 
Number of Kan*^ plants Number of Kan'^ plants Number of unl inked 
T-DNA loci 
3 1 1 
15 1 2 
63 1 3 
255 1 4 
T2 seed (section 6.1.1) f rom 30 individual p35S::KNAT6 original splice lines 
(S1-S30) and 30 individual p35S::KNAT6 alternative splice lines (asS6-asS36) 
were surface steril ised and germinated on 72 MS10 SS supplemented with 35 
mg/L kanamycin sulphate. Approximately 7 DAG, the plates were scored for the 
ratio of Kan*^ seedl ings to Kan^ seedlings (Appendix 3, Tables 3 and 4) . This 
revealed that all of the plants were hemizygous and had a number of T -DNA 
loci ranging f rom 0 to 4 (Table 6.1.2b and c). 
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Table 6.1.2b Number of T -DNA loci present in p35S: :KNAT6 original splice (S) 
l ines 
Line T-DNA loci Line T-DNA loci Line T-DNA loci 
S1 1-2 S11 2 S21 1 
S2 S12 1 S22 4 
S3 2-3 S13 1 S23 2 
S4 S14 2-3 S24 1 
S5 S15 4 1 S25 2 
S6 S16 3-4 S26 3-4 
S7 S17 2-3 S27 3 
SB S18 1 S28 1 
S9 S19 1 S29 3 
S10 S20 1 S30 1 
Table 6.1 .2c Number of T -DNA loci present in p35S: :KNAT6 alternative splice 
(asS) lines 
Line T-DNA loci Line T-DNA loci Line T-DNA loci 
asS6 1 asS17 3 asS27 1 
asS7 1 asS18 0 asS28 2-3 
asS8 1-2 asS19 3 asS29 1 
asS9 1 asS20 1-2 asS30 1 
a s S I I 1 asS21 1 asS31 1 
asS12 1 asS22 2-3 asS32 2-3 
asS13 3 asS23 1 asS33 1 
asS14 2 asS24 1 asS34 1 
asS15 1 asS25 3-4 asS35 1 
a s S i e 3 asS26 2-3 asS36 1 
Four kanamycin-resistant T2 plants (denoted a-d) f rom each segregation plate 
were transferred to soil and the T3 seed was collected from individual plants. 
No aerial phenotype was observed in these T2 plants. 
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6.1.3 Screen ing of T2 KNAT6 overexpress ing l ines for a root plienotype 
As the activity of the KNAT6 promoter had been localised to the stele of the root 
and the lateral root bases, it was hypothesised that KNAT6 may play a role in 
some aspect of lateral root development. Al though the transformed 12 plants 
identified in section 6.1.2 were hemizygous for the T-DNA insertion (meaning 
that some of the plants examined were untransformed), it was expected that 
any dominant overexpression would have been visible. Therefore, the T2 plants 
were screened in an attempt to identify a root phenotype caused by the 
overexpression of KNAT6. Six T2 plants f rom each of the S lines analysed in 
Table 6.1.2b and six or eight T2 plants from each of the asS lines analysed in 
Table 6.1.2c (except for asS18 which does not contain a T-DNA) were grown on 
vertical plates (section 2.2.1) to allow the roots to be examined. 
Seeds were surface steril ised and germinated on MS10 SS medium and then 
transferred at 3 DAG to 72 MS10 medium on vertical plates. Wi ld type Columbia 
(Col-0) plants were grown in the same way to act as a control. As the T-DNA 
carrying the KNAT6 overexpressing construct was segregat ing in the seedl ing 
populat ion that was examined, no measurements (such as root length) were 
recorded. The roots of these plants were examined at 10 DAG, and any plants 
that showed a difference in root growth (i.e. root length, lateral root number or 
lateral root posit ioning) or aerial growth compared with the Col-0 control were 
transplanted to soil and grown on (Tables 6.1.3a and b). Only one of these 
plants (S29.1) showed an aerial T2 phenotype. This plant had lobed leaves. 
T3 seed f rom each plant was collected and then subjected to kanamycin 
segregation analysis to determine if the T2 plant was hemizygous, homozygous 
or untransformed (Tables 6.1.3a and b). It should be noted that most of the 
plants for which no seed was collected died due to technical problems with the 
greenhouse rather than because of a possible phenotype. 
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Table 6.1.3a Genotype of T2 S seedl ings showing a putative phenotype on 
vertical plates 
Line.plant Putative phenotype Genotype 
S2.2 Short main root, few laterals Heterozygote 
S3.2 Very short main root Heterozygote 
S7.6 Short root, few laterals Heterozygote 
S8.3 Short root, two laterals at same position Heterozygote 
S8.4 Main root split by lateral Heterozygote 
S9.1 Main root split by lateral Wild type 
S9.3 Main root split by lateral Heterozygote 
S9.6 Laterals initiate close to root tip Heterozygote 
S10.4 Main root split by lateral Homozygote 
S11.1 Two laterals at same posit ion, stunted aerials Homozygote 
S11.4 Two laterals at same posit ion, stunted aerials No seed 
S11.6 Two laterals at same posit ion, stunted aerials No seed 
S14.5 Two lateral at same position Wild type 
S15.1 Very short main root Homozygote 
S15.6 Laterals initiate close to root tip Homozygote 
S16.1 Main root split by lateral Homozygote 
S17.4 Two laterals at same position Heterozygote 
S18.1 Two laterals at same position Heterozygote 
S18.2 Main root split by lateral Heterozygote 
S19.5 Increased laterals Wild type 
S19.6 Increased laterals Wild type 
S20.1 Callusing at shoot apex No seed 
S20.4 Short lateral roots Heterozygote 
S26.1 Anthocyanin accumulat ion, stunted, green roots No seed 
S26.5 Anthocyanin accumulat ion, stunted, green roots No seed 
S26.6 Two laterals at same position Homozygote 
S28.5 Hypocotyl split by lateral Wild type 
S29.1 Radially swollen hypocotyl Heterozygote 
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Table 6.1.3b Genotype of T2 asS seedl ings showing a putative phenotype on 
vertical plates 
Line.plant Putative phenotype Genotype 
asse.i Short main root No seed 
asS6.3 Short main root No seed 
asS9.3 Short main root Homozygote 
asS11.4 Short main root, some curly laterals Heterozygote 
a s S I I . 6 Short main root, some curly laterals Homozygote 
asS12.1 Short main root, some curly laterals No seed 
asS12.2 Short main root, some curly laterals Heterozygote 
asS12.3 Short main root, some curly laterals No seed 
asS14.3 Main root split by lateral Heterozygote 
asS15.6 Main root split by lateral No seed 
asS15.7 Very short main root Heterozygote 
asS16.3 Main root/hypocotyl split by anchor root Homozygote 
asS17.3 Main root split by lateral Heterozygote 
asS19.4 Main root split by lateral No seed 
asS19.7 Main root split by lateral No seed 
asS19.8 Main root split by lateral Homozygote 
asS20.1 Short main root Heterozygote 
asS21.6 Two laterals at same position Homozygote 
asS22.2 Main root split by lateral No seed 
asS22.3 Short root, single lateral No seed 
asS22.4 Main root split by lateral No seed 
asS23.2 Main root split by lateral Wild type 
asS24.6 Main root split by lateral Wild type 
asS24.8 Main root split by lateral No seed 
asS25.4 Leaf-like outgrowth on leaf Heterozygote 
asS26.6 Main root split by lateral Wild type 
asS27.8 Short main root Heterozygote 
asS28.3 Main root split by lateral Heterozygote 
asS28.4 Very short main root Homozygote 
asS28.5 Main root split by lateral Heterozygote 
asS29.1 Main root split by lateral Wild type 
asS29.7 Main root split by lateral Wild type 
asS29.8 Short main root No seed 
asS33.5 Swollen lateral root Wild type 
asS33.6 Short main root No seed 
asS34.2 Short main root Heterozygote 
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Figure 6.1.3a shows an example of a lateral root splitting a main root in plant 
S18.2 
As can be seen from the tables above, some seedlings that were selected as 
having a putative phenotype were in fact untransformed. In addition, some of 
the Col-0 wild type plants which were included as controls occasionally showed 
some of the putative phenotypes such as a lateral root splitting the main root, 
the positioning of two lateral roots close together (lateral roots should not 
normally be initiated at the same position) and a short main root (data not 
shown). As these phenomena were observed in the wild type plants, it 
appeared that this was normal variation in the population of Arabidopsis 
seedlings. 
However, there still remains the possibility that these phenomena may occur at 
higher incidence in the plants that overexpressed either of the KNAT6 isoforms. 
6.1.4 Analysis of aerial parts in T3 KNAT6 overexpressing lines 
Despite the lack of an obvious root phenotype in the 12 seedlings transformed 
with KNAT6 overexpressing constructs, two plants showed a putative aerial 
phenotype that was reminiscent of the effects of overexpressing other KN1 
Class I genes (section 1.4.2). These two plants were S29.1 (lobed leaves in soil 
grown plants) and asS25.4 (leaf-like outgrowth on leaf on vertical plates). To 
investigate this further, T3 plants from S and asS lines that had a putative 
phenotype as described in Tables 6.1.3a and b, and which were kanamycin-
resistant (indicating the presence of a T-DNA) were analysed. 
In addition, for the same lines as above, T3 seed from the T2 plants a-d which 
were removed from kanamycin selection plates (section 6.1.2) were subjected 
to kanamycin segregation analysis to determine if they were hemizygous or 
homozygous. In most cases, a homozygous plant was selected and used for 
further analysis. Where no homozygote was identified, a heterozygote was used 
instead. The genotypes of these plants are shown in Table 6.1.4a 
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Figure 6.1.3a Splitting of the main root by initiating lateral roots 
Col-0 
(i) Normal lateral root 
growth 
S18.2 (see Table 6.1.3a) 
(ii) Lateral roots 
occasionally split the main 
root 
Table 6.1.4a Genotypes of Kan^ S and asS plants used for aerial analysis 
Line Genotype Line Genotype 
S2d Homozygote asS11b Heterozygote 
S3d Homozygote asS12d Homozygote 
S7a Homozygote asS14b Homozygote 
S8of Homozygote asS15d Homozygote 
S9c Homozygote asS16b Homozygote 
S10/? Homozygote asS17f) Heterozygote 
S11c Homozygote asS19a Homozygote 
S^4b Homozygote asS20b Homozygote 
S^5b Homozygote asS21f) Heterozygote 
S16a Homozygote asS23ib Heterozygote 
S17a Heterozygote asS24b Heterozygote 
S18c/ Heterozygote asS25ib Homozygote 
S^9b Heterozygote asS26fe Homozygote 
S20d Homozygote asS275 Homozygote 
S26c Homozygote asS28ib Homozygote 
S28d Homozygote asS296 Homozygote 
S29a Homozygote asS33c Homozygote 
asS9ib Homozygote asS34b Heterozygote 
Seed from these lines was sown in soil and grown in a controlled environment 
room. The original splice S plants showed an aerial phenotype at approximately 
28 DAG, whereas the alternate splice asS plants remained wild type in 
appearance. A summary of the range of phenotypes observed in the S plants is 
shown in Table 6.1.4b. 
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Table 6.1.4b Summary of phenotypes in plants expressing original splice (S) 
KNAT6 
Lines Phenotype 
S8d Wild type 
S2.2, S3.2, S3d, S11.1, S11c, 
SI5b, S18d, S28d, S29.1 
Slightly curled leaves 
S7.6, S8.4, S9.6, S9.3, S20.4, 
S26.6, 
Curled leaves 
S7a, S8.3, Small curled leaves 
S2d, S9c, S10fe, S18.1, S14b Curled and lobed leaves 
S15.1, S19b, S29a Curled, thickened and widened leaves 
S10.4, S18.2, SlOd, S26c Curled, lobed and widened leaves 
S15.6 Small, curled, thickened and lobed leaves 
S16a, S17.4, S17a Small, curled, thickened and widened leaves 
S16.1 Curled, lobed, thickened and widened leaves 
The following lines were selected to do a development series as they showed a 
range of phenotypes: S2d, S7a, S9c, S10.4, S^4b and S15.6. Seed from these 
lines as well as from all of the asS lines were sown in soil and grown in a 
controlled environment room. The plants were photographed at 14, 21 , 28 and 
35 DAG. The plants all showed a wild type phenotype until 21 DAG, when the 
sense phenotype becomes visible. The asS lines remained wild type in 
appearance throughout the time course. The six sense lines listed above, the 
Col-0 control and a representative from the asS lines (asS16.3) are shown at 
21 , 28 and 35 DAG in Figures 6.1.4a-i. 
As the results in Table 6.1.4b show, seedlings which were selected from the 
vertical plates used in the root growth screen (section 6.1.3) as well as 
kanamycin-resistant seedlings removed from segregation analysis plates 
(section 6.1.2) showed the KNAT6 original splice (S) overexpressing 
phenotype. In many cases there is wide variability between plants from the 
same transgenic line e.g. compare the phenotypes of S8d and S8.3. Also note 
that the T3 S29.1 plants analysed in this generation did not have a strong 
phenotype despite the T2 S29.1 plant having a lobed leaf phenotype. Silencing 
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Figure 6.1.4a Col-0 developmental series 
(1) 21 DAG (11) 28 DAG 35 DAG 
Figure 6.1.4b asS16.3 developmental series 
(i)21 DAG (11) 28 DAG ii 35 DAG 
Figure 6.1.4c S2c/developmental series 
(i) 21 DAG (11) 28 DAG iii) 35 DAG 
Figure 6.1.4d S7a developmental series 
(i) 21 DAG (ii) 28 DAG (ill) 35 DAG 
By 
Figure 6.1.4e S9c developmental series 
(1) 21 DAG (ii) 28 DAG (iii) 35 DAG 
4* 
Figure 6.1.4f S10.4 developmental series 
(!) 21 DAG (ii) 28 DAG (iii) 35 DAG 
Figure 6.1.4g S14fo developmental series 
(1) 21 DAG (ii) 28 DAG (iii) 28 DAG 
Figure 6.1.4h S I 5.6 developmental series 
(i) 21 DAG (11) 28 DAG 28 DAG 
Figure 6.1.4i Leaf phenotype of 35S::KNAT6 plants, 46 DAG 
Bar approx. 0.5 cm 
S15.6 S2d Col-0 S7a S9c SI0.4 S14/? 
of the expression of the transgene could have caused this. In addition, no 
phenotype was seen with any of the asS plants, despite the outgrowth on the 
leaf seen on plant asS25.4. It was concluded that this was an example of 
natural variation rather than a true phenotype. 
6.1.5 Analysis of roots in T3 KNAT6 overexpressing lines 
As an aerial phenotype was identified in the T3 seedlings carrying the KNAT6 S 
(original splice) constructs which was not seen in the T2 seedlings, the roots of 
T3 homozygous seedlings were examined. 
The six homozygous transgenic lines that showed a range of aerial phenotypes 
and were examined above (SI 5.6, S10.4, S2d, S9c, S7a and S14b) were used 
for root growth assays, along with a Col-0 control. Seeds were surface sterilised 
and germinated on 14 MS10 SS medium. At 3 DAG, ten seedlings per line were 
transferred to Vz MS10 onto vertical plates. The length of the main root as well 
as the number of laterals and the distance between the root tip and the 
youngest lateral root were recorded at 3, 6, 9 and 12 DAG. 
The average length of the main root at each time point was calculated for each 
S line (Figure 6.1.5a). These results indicated that there was no difference 
between transgenic lines and the Col-0 control apart from in line S7a where root 
growth was retarded. The average distance from the root tip to the last lateral 
root to emerge was also calculated for each time point (Figure 6.1.5b). This also 
indicated that there was no difference between the transgenic lines and the Col-
0 control, apart from in line S7a, where lateral roots initiated closer to the 
primary root tip than in wild type. 
The average number of lateral roots and anchor roots which each S line 
produced at each time point was calculated (Figures 6.1.5c and d), and these 
also showed no difference with the Col-0 control, apart from in the case of line 
S7a where fewer lateral and anchor roots were produced. The values that were 
used to plot these graphs are shown in Appendix 4. These results are 
discussed in section 8.4.1. 
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Figure 6.1.5b Distance from the primary root tip to the last lateral root to 















• 6 DAG 
• 9 DAG 
• 12 DAG 
si 5.6 Col-0 S10.4 S2d S9c S7a SI 4b 








a 6 DAG 
• 9 DAG 
• 12 DAGl 
S15.6 Col-0 si 0.4 S2d S9c S7a S I 4b 
Note that roots of these homozygous lines did not show an increase in the 
frequency of characteristics that were originally used to select transformants in 
section 6.1.2 such as a lateral root splitting the main root. 
The roots of the asS lines were not examined again as they had no aerial 
phenotype. The differences in phenotype seen between S and asS lines are 
discussed in section 8.4.1. 
6.1.6 Isolation of KNAT6 antisense lines 
As mentioned in section 6.1.2, the number of unlinked T-DNA loci in a 
hemizygous line can be estimated by the ratio of kanamycin-resistant (Kan'^) 
seedlings to kanamycin-sensitive (Kan^) seedlings (Table 6.1.2a). 
T2 seed was collected from 30 individual lines of the antisense p35S::KNAT6 
original splice (AS1-AS30) and from individual lines of the antisense 
p35S::KNAT6 alternative splice (asAS) identified in section 6.1. 
Seed from the original splice antisense lines AS1-AS30 was analysed. T2 seed 
were surface sterilised and germinated on Yz MS10 SS supplemented with 35 
mg/L kanamycin sulphate. Approximately 7 DAG, the plates were scored for the 
ratio of Kan"^ seedlings to Kan^ seedlings (Appendix 3). This revealed that all of 
the plants were hemizygous and had a number of T-DNA loci ranging from 1 to 
4 (Table 6.1.6a). 
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Table 6.1.6a Number of T-DNA loci present in antisense p35S::KNAT6 original 
splice (AS) lines 
Line T-DNA loci Line T-DNA loci Line T-DNA loci 
AS1 2 AS11 2-3 AS21 2-3 
AS2 1-2 AS12 1 AS22 1 
ASS 1 AS13 1 AS23 3-4 
AS4 1 AS14 1-2 AS24 1 
ASS 1 AS15 4 AS25 2-3 
AS6 1 AS16 1-2 AS26 1 
AS7 2 AS17 1 AS27 1-2 
ASS 1 AS18 1 AS28 1-2 
AS9 2 AS19 1 AS29 1 
AS10 2 AS20 1 AS30 1 
Four kanamycin-resistant T2 plants (denoted a-d) from each segregation plate 
were transferred to soil and the T3 seed collected as individuals. 
6.1.7 Screening of T2 KNAT6 antisense lines for a root phenotype 
A root growth screen was performed on the T2 plants in the same way as for 
the T2 sense lines (section 6.1.3) even thought these plants were hemizygous. 
Seeds were surface sterilised and germinated on >2 MS10 SS medium and then 
transferred at 3 DAG to 14 MS10 on vertical plates. Wild type Col-0 plants were 
grown in the same way to act as a control. At 10 DAG, the roots were examined 
and any plants that showed a difference in root growth (i.e. root length, lateral 
root number or lateral root positioning) or aerial growth compared with the Col-0 
control were transplanted to soil and grown on (Table 6.1.7a). As in section 
6.1.3, no actual measurements were recorded as two discrete populations (i.e. 
wild type and transgenic) were not being examined. None of these T2 plants 
showed an aerial phenotype. T3 seed was harvested from these plants. 
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Table 6.1.7a T2 AS seedlings showing a putative phenotype on vertical plates 
Line.plant Putative phenotype 
AS2.5, AS13.5 Few laterals 
AS3.2, AS6.5, AS10.3, AS10.6, AS18.4, 
AS20.2 
Short root, laterals close tip 
AS7.5, AS7.6, AS14.4, AS16.1, AS19.5 Short root 
AS9.5, AS13.1, AS13.3, AS16.1, 
AS16.4, AS18.3, AS18.6, AS19.4, 
AS22.3, AS26.1, 
Two laterals at same position 
AS14.5 Cotyledons callusing, two 
laterals at same position 
AS26.6, AS28.6, AS29.6, AS30.1 Main root split by lateral 
The phenotypes identified in these plants are similar to those seen in the sense 
plants in section 6.1.3. As before, these phenotypes were occasionally seen in 
the wild type Col-0 control (data not shown). There still remained the possibility 
that the frequency of these characteristics differed between the wild type and 
antisense plants. 
No further analysis was carried out on these plants and it was hoped that the 
isolation of a T-DNA knockout or the production of RNAi downregulated plants 
might help with the identification of a KNAT6 deficient phenotype. 
6.2 RNAi KNAT6 lines 
The pRNAi vector was used in the production of RNAi lines. This vector 
contains the CaMV 35S promoter and terminator as well as an ampicillin-based 
hinge region. RNAi plants were used to examine the effects of downregulating 
KNAT6 expression in vivo as this technique can give more efficient and reliable 
downregulation of the target gene than antisense. 
Two regions of the KNAT6 coding region were used to make RNAi constructs. 
Both of these regions were at the 5' end of the coding sequence away from the 
highly conserved homeodomain and ELK domains to avoid non-specific 
downregulation of any other KN1 Class 1 homeobox genes. The pRNAi vector 
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contained two small multiple cloning sites (MCSs) on either side of the 
ampicillin-based hinge region. To allow the formation of the hairpin loop 
required for downregulation, each coding sequence fragment was cloned into 
the 5' multiple cloning site in the antisense orientation and into the 3' multiple 
cloning site in the sense orientation (section 1.1.4). After both KNAT6 coding 
regions had been cloned into the vector to give cassettes where expression was 
mediated by the CaMV 35S promoter, this promoter was replaced by the 
KNAT6 native promoter. The native promoter sequence used was the same as 
that used for both the promoter::GUS and promoter::GFP constructs detailed in 
sections 5.1 and 5.2. A schematic of the cloning strategy is shown in Figure 
6.2a. 
6.2.1 Production of 35S::KNAT6 RNAi plants 
Primers were designed to two regions of the KNAT6 coding region. Each region 
required the design of two primers to allow its amplification, and these primers 
were synthesised with different restriction sites to allow the directional cloning of 
the fragments into the different MCSs of the pRNAi vector. The primer pairs are 
detailed in Table 6.2.1a. The positions of these primers in the KNAT6 coding 
region is shown in Figure 6.2.1a. 
Table 6.2.1a Primer pairs for amplification of KNAT6 coding sequence 
fragments for use in RNAi constructs 
Coding sequence Forward primer Reverse primer Orientation in 
fragment pRNAi 
1 RNAiFI(Bglll) RNAiRI(Sphl) sense 
1 RNAiFI(Spel) RNAiRI(Xbal) antisense 
2 RNAiF2(Bglll) RNAiR2(Sphl) sense 
2 RNAiF2(Spel) RNAiR2(Xbal) antisense 
PCR using each of the above primer pairs was carried out using the Expand™ 
High Fidelity PCR system (section 2.8.2). The template for this PCR was the 
cloned original splice cDNA amplified up from NAA-treated root RNA in section 
6.1.1. Analysis of the PCR products revealed that bands of 319 bp using the F1 
and R1 primer pairs and of 270 bp using the F2 and R2 primer pairs were 
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Figure 6.2a RNAi construct cloning strategy 
Two regions of the KNAT6 coding region amplified by PGR with 
Bglll/SphI linkers (sense fragment) and Spel/Xbal linkers 
(antisense fragment) 
I 
Coding sequence fragments cloned into the pCR®2.1-
TOPO vector and excised with the appropriate restriction 
enzymes 
I 
Sense fragments ligated into the pRNAi vector linearised with 
Bglll/Sphl. Recombinant plasmids isolated 
Antisense fragments ligated into pRNAi::sense linearised with 
Spel/Xbal. Recombinant plasmids isolated 
\ 
KNAT6 promoter amplified by PGR 
with Ncol/Smal linkers and cloned 
into pCR®2.1-T0P0 vector, 
sequenced then excised as an 
Ncol/Smal fragment 
I 
GaMV 35Spromoter excised from 
pRNAi::sense:antisense with Ncol/Smal and 
promoter fragment ligated in. Recombinant 
plasmid isolated 
\ 
35S::RNAi cassettes excised as EcoRI 
fragments and ligated into the pGIRGE 
binary vector linearised with EcoRI. 
Recombinant plasmids isolated and 





Antisense 1 or 2 
Spel Bglll 
pKNAT6::RNAi cassettes excised as 
EcoRI fragments and ligated into the 
pGIRGE binary vector linearised with 
EcoRI. Recombinant plasmids 
isolated and checked by sequencing 
SphI EcoRI 
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Figure 6.2.1a KNAT6 coding sequence fragments used for 
production of RNAi constructs 
The RNAi 1 fragment is shown in blue 
The RNAi 2 fragment is shown in green 





















obtained (Figure 6.2.1b). These PGR products were cloned directly into the 
pCR®2.1-TOPO vector (section 2.7.4). Colony PGR was perfornned on white, 
putative positive colonies (section 2.8.1) using the universal primers M13F and 
M13R and a plasmid containing the correct insert was prepared for each of the 
four KNAT6 coding sequence fragments. 
Each plasmid was then digested using the appropriate restriction 
endonucleases (section 2.7.1) i.e. Bglll and SphI for the sense fragments and 
Spel and Xbal for the antisense fragments, to release the insert from the 
pGR®2.1-T0P0 vector (Figure 6.2.1c). The bands corresponding to the KNAT6 
fragments were then cut out and purified using the QIAquick® Gel Extraction kit 
(section 2.4.7). The pRNAi vector was also digested with Bglll and SphI (Figure 
6.2.1c), before being dephosphorylated (section 2.7.2) and then purified from a 
gel as above. 
Each of these two sense fragments was then ligated into the digested pRNAi 
and introduced into chemically competent E. coli (sections 2.7.3 and 2.7.6). The 
resulting colonies were checked by colony PGR using the primers originally 
used to amplify the inserted sense fragments (see Table 6.2.1a). A colony 
containing the insert of the correct size was then used to prepare plasmid DNA. 
These two plasmids (pRNAi::sense1 and pRNAi::sense2) were then digested 
with Spel and Xbal (Figure 6.2.Id), analysed by gel electrophoresis and purified 
as before. Ligation of the appropriate purified antisense fragment with the cut 
plasmids (i.e. pRNAi + sense fragment 1 with antisense fragment 1 and pRNAi 
+ sense fragment 2 with antisense fragment 2) was carried out and the ligations 
were introduced into E. coli as before. 
As the vector already contained a KNAT6 fragment, colony PGR was carried 
out using a primer to the 35S promoter, 35S P1, and the fonward primer which 
was used for amplification of the fragment originally (i.e. RNAiFI(Spel) or 
RNAiF2(Spel)). This allowed the identification of colonies that contained the 
antisense insert, and therefore the complete RNAi cassette. Plasmids, denoted 
pRNAil and pRNAi2, were prepared from single positive colonies before the 
RNAi cassettes were released by digestion with EcoRI. The digests were 
analysed by gel electrophoresis (Figure 6.2.1e) and the cassettes purified from 
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Figure 6.2.1b Amplification of KNAT6 coding sequence 
fragments for RNAi constructs by PGR 
1 2 3 4 
400 bp 
200 bp 
Figure 6.2.1c Preparation of KNAT6 coding sequence fragments 
and pRNAi vector for ligations 
1 2 3 4 5 
4 kb 
400 bp 
Figure 6.2.1 d Linearisation of pRNAi::sense1 and pRNAi::sense2 
by digestion with Spel/Xbal 
4kb Lane 1: pRNAi::sense1 
Lane 2: pRNAi::sense2 
Figure 6.2.1e Preparation of pCIRCE and RNAi 






Lane 1:11.4kb pCIRCE linearised by digestion with EcoRI 
Lane 2: 1.7 kb RNAi2 cassette released from 2.7 kb pRNAi by 
digestion with EcoRI 
Lane 3: 1.8 kb RNAi1 cassette released from 2.7 kb pRNAi by 
digestion with EcoRI 
the gel. In addition, the pCIRCE binary vector was digested with EcoRI, 
dephosphorylated and then purified from a gel in the same way as pRNAi 
(Figure 6.2.1 e). 
Finally, the two cassettes, RNAi1 and RNAi2, containing the KNAT6 fragments 
were ligated into pCIRCE. The ligations were introduced into E. coli as before 
and putative positive white colonies were checked by colony PGR using the 
RNAiF and RNAiR primers which were originally used to amplify up the KNAT6 
coding region fragments (Table 6.2.1a). Positive colonies were used to prepare 
plasmids (as detailed in section 2.4.2) that were checked by sequencing with 
the universal primers M13F and M13R. This confirmed that the constructs were 
correct and so the plasmids were introduced into electrocompetent 
Agrobacterium tumefaciens strain C58C3 (section 2.2.3). Agrobacterium 
colonies were checked by colony PGR using the RNAiF and RNAiR primers as 
above. 
Positive colonies were selected and used for introduction of the constructs to 
Arabidopsis war. Golumbia by the dipping method (section 2.2.4). Seed from the 
dipped plants was sown on ! 4 MS 10 SS medium supplemented with 35 mg/L 
kanamycin sulphate and 200 mg/L augmentin. Transformed plants, denoted 
RNAil and RNAi2, were identified and seed collected as individual lines. 
6.2.2 Production of pKNAT6::KNAT6 RNAi plants 
The Promoter For and Promoter Rev primers that were used in section 5.1.1 to 
clone the KNAT6 promoter region were resynthesised with new restriction sites 
to allow the replacement of the GaMV 35S promoter with the KNAT6 native 
promoter. RNAipromF contains an Ncol and RNAipromR contains a Smal site. 
These two primers were then used to reamplify the cloned promoter obtained in 
section 5.1.1 using the Expand™ High Fidelity PGR system (section 2.8.2). The 
PGR products were analysed by gel electrophoresis and a band of 2074 bp was 
obtained as expected (Figure 6.2.2a). This band was cut out, purified and then 
cloned into the pGR®2.1-T0P0 (section 2.7.4). Putative positive white colonies 
were checked by colony PGR using the universal primers M13F and M13R and 
a positive colony was identified and used to prepare plasmid DMA (sections 
2.8.1 and 2.4.1). The plasmid was then sequenced with M13F, M13R, Prom 
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Figure 6.2.2a Amplification of the 2.1 kb KNAT6 promoter 
fragment with Ncol/Smal linkers by PGR 
2kb 
Figure 6.2.2b Release of the 2.1 kb KNAT6 promoter fragment 
from pCR®2.1-T0P0 by digestion with Ncol/Smal 
2.1 kb promoter 
fragment 
Figure 6.2.2c Release of the 0.5 kb CaMV 35S promoter 
fragment from pRNAil and pRNAi2 by digestion with Ncoi/Smal 
4.1 kb pRNAil 
backbone 
0.5 kb CaMV 
35S promoter 
4 kb pRNAi2 
backbone 
0.5 kb CaMV 
35S promoter 
Seq For and Prom Seq Rev. This revealed that one of the two apparent errors 
identified in the promoter in section 5.1.1 had reverted to the correct base 
(indicating that this was probably a sequencing error rather than a PGR error), 
and that one further error had been introduced. However, as this new error was 
more than 1 kb upstream of the ATG, it was not thought that this would 
influence promoter activity greatly. 
The plasmid DNA was then digested using Ncol and Smal to release the 
promoter fragment (Figure 6.2.2.b). In addition, the pRNAH and pRNAi2 
plasmids produced in section 6.2.1 were digested with Ncol and Smal to 
release the GaMV 35S promoter (Figure 6.2.2c). The KNAT6 promoter fragment 
and the pRNAil and 2 vectors without the 35S promoter were purified from the 
gel before the promoter fragment was ligated into each pRNAi vector. The 
ligations were introduced into E. coli and putative positive colonies were 
analysed by colony PGR using the RNAipromF and RNAipromR primers. Those 
colonies containing an insert of the correct size were used to prepare plasmid 
DNA. These plasmids, denoted pRNAi1+P and pRNAi2+P were then digested 
with EcoRI to release the RNAi1+P and RNAi2+P cassettes (Figure 6.2.2d). 
These cassettes were then ligated into the pCIRGE linearised with EcoRI that 
was prepared in section 6.2.1. Golony PGR was carried out on white putative 
positive colonies using the RNAipromF and RNAipromR primers and a single 
positive colony from each ligation was used to prepare plasmid DNA (section 
2.4.2). Sequencing with M13F, M13R and the Cofs For primers confirmed that 
the constructs were correct. 
The RNAil+P and RNAi2+P cassettes in pGIRGE were introduced into 
Agrobacterium tumefaciens strain G58G3 by electroporation (section 2.2.3), 
positive colonies were identified by colony PGR as above and used for 
introduction of the constructs into Arabidopsis var. Golumbia by the dipping 
method (section 2.2.4). Seed from the dipped plants was sown on ! 4 MS10 SS 
medium supplemented with 35 mg/L kanamycin sulphate and 200 mg/L 
augmentin. Transformed plants, denoted RNAil+P and RNAi2+P, were 
identified and seed collected as individual lines. 
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Figure 6.2.2d Release of RNA1+P and RNAi2+P cassettes from 
pRNAil+P and pRNAi2+P plasmids by digestion with EcoRI 
3.9 kb RNAi1+P 
cassette 
2.7 kb pRNAi 
backbone 
3.7 kb RNAi2+P 
cassette 
2.7 kb pRNAi 
backbone 
6.2.3 Isolation of homozygous KNAT6 RNAi lines 
T2 seed from 10 individual lines from each transformation with an RNAi 
construct i.e. RNAi l , RNAi2, RNAil+P and RNAi2+P that was collected in 
sections 6.2.1 and 6.2.2 was surface sterilised and germinated on MS10 SS 
supplemented with 35 mg/L kanamycin sulphate. Approximately 7 DAG, the 
plates were scored for the ratio of Kan^ seedlings to Kan^ seedlings (Appendix 
3, Table 7). This revealed that all of the plants were hemizygous and had a 
number of T-DNA loci ranging from 0 to 4 (Table 6.2.3.a). 
Four kanamycin-resistant seedlings (denoted a-d) from each transformed line 
were transferred to soil from the selective plates and the T3 seed was 
harvested as individual lines. 
As no clear phenotype was observed in the root growth assays using 
hemizygous sense and antisense lines, homozygous T3 seeds were identified 
by kanamycin segregation analysis and used for the RNAi root growth assays. 
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Table 6.2.3a Number of T-DNA loci present in RNAi lines 
Line T-DNA loci Line T-DNA loci 
RNAil 1 1-2 RNAil+P 1 1 
RNAil 2 2-3 RNAil+P 2 1 
RNAil 3 1 RNAil+P 3 1-2 
RNAil 4 1-2 RNAil+P 4 1 
RNAil 5 2-3 RNAil+P 5 1 
RNAil 6 1 RNAil+P 6 1 
RNAil 7 2-3 RNAil+P 7 1 
RNAil 8 1 RNAil+P 8 1 
RNAil 9 1 RNAil+P 9 1 
RNAil 10 3 RNAil+P 10 1-2 
RNAil 11 1-2 RNAil+P 11 1 
RNAil 12 1 RNAil+P 12 2 
RNAil 13 1-2 RNAil+P 13 1 
RNAil 14 1 RNAil+P 14 2 
RNAil 15 1 RNAil+P 15 2 
RNAi2 1 1 RNAi2+P 1 1 
RNAi2 2 1 RNAi2+P 2 1 
RNAi2 3 1-2 RNAi2+P 3 1 
RNAi2 4 1 RNAi2+P 4 1 
RNAi2 5 1 RNAi2+P 5 1 
RNAi2 6 2 RNAi2+P 6 1 
RNAi2 7 1 RNAi2+P 7 1-2 
RNAi2 8 2-3 RNAi2+P 8 1 
RNAi2 9 1 RNAi2+P 9 2 
RNAi2 10 0 RNAi2+P 10 4 
RNAi2 11 1 RNAi2+P 11 1 
RNAi2 12 1 RNAi2+P 12 1 
RNAi2 13 1 RNAi2+P 13 1 
RNAi2 14 1 RNAi2+P 14 1-2 
RNAI 2 15 1 RNAi2+P 15 1 
177 
For each RNAi construct, ten homozygote lines were identified (Table 6.2.3b) 
and used in section 6.2.4 below. 
Table 6.2.3b T3 homozygous RNAi lines 
Line Homozygotes 
RNAil 1c/, 2b, 3d, 4c, 5b, 6d, Id, 9b, 11c, 12b 
RNAi2 l a , 2a, 4c, 5a, 6c, 7a, 8b, 9a, l i d , 13Gf 
RNAil+P 1c, 2b, 3d, 5a, 7c, 9b, 10a, 12c, ^4b, ^5d 
RNAi2+P 1a, 3a, 4c, 9b, 10a, 11a, 12a, 13a, 14b, 15a 
6.2.4 Analysis of homozygous KNAT6 RNAi lines 
Ten plants from each homozygous RNAi line were grown on vertical plates to 
allow root growth measurements to be taken. Seeds were surface sterilised and 
germinated on MS10 SS medium and then transferred at 3 DAG to 'A MS10 
medium on vertical plates. The length of the roots was measured at 3 DAG, 6 
DAG, 9 DAG and 12 DAG. In addition, at each time point the number of lateral 
roots and anchor roots was recorded as well as the distance from the root tip to 
the last lateral root to emerge. Wild type Col-0 plants were grown in the same 
way to act as a control. 
The average root length for each line was calculated at each time point (Figures 
6.2.4a-d). There was no difference between the root length of any of the RNAi 
lines and the Col-0 control. 
The average distance from the root tip to the last lateral root to emerge was 
also calculated for each line at each time point (Figures 6.2.4e-h). For the Col-0 
control, this distance increased so that there was a greater distance from the 
root tip to the last lateral root to emerge as time progressed. However, in the 
RNAi l , RNAi2 and RNAil+P (Figures 6.2.4e-g), this distance decreases i.e. the 
plants initiate lateral roots closer to the root tip with time. For the RNAi2+P 
plants, this is more variable, with some of the plants showing a similar trend to 
the Col-0 plants, and some showing a decrease in this distance. This result is 
discussed in section 8.4.2. 
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Figure 6.2.4e Distance from the primary root tip to the last lateral root 
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Figure 6.2.4f Distance from the primary root tip to the last lateral root 
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Figure 6.2.4g Distance from the primary root tip to the last lateral root 
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Figure 6.2.4h Distance from the primary root tip to the last lateral root 
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The average number of lateral roots and anchor roots produced by each 
transgenic line at each time point was also calculated (Figures 6.2.4i-p) but 
these did not appear different from the Col-0 control. 
The data used to plot these graphs is shown in Appendix 4. 
As in the case of the sense and antisense plants analysed in sections 6.1.3 and 
6.1.6, occasional plants with short roots or with laterals initiating close together 
were observed but these were at low frequency within each homozygous line. It 
also appeared that plants with short roots were always those that were growing 
into the medium rather than on its surface. Some of the plants, including Col-0 
controls, had an unusual aerial phenotype where apical dominance appeared to 
have broken, leading to the initiation of leaves from the axilliary buds. In 
addition, some of the RNAi plants showed evidence of callus formation on the 
cotyledons, and a very small number of plants showed a much more severe 
aerial phenotype where the SAM appeared to initiate many leaf-like structures. 
These phenotypes were never seen in the Col-0 controls. Figure 6.2.4q shows 
examples of the range of phenotypes seen in RNAi plants and Col-0 controls. 
A summary of the range of putative phenotypes seen in the T3 homozygous 
RNAi lines is given in Table 6.2.4a. The number in brackets is the number of 
plants in a given line showing the phenotype. These results are discussed in 
section 8.4.2. 
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Figure 6.2.4q Range of putative phenotypes in RNAi plants 
Bar approx. 5 mm 
(i) Col-0 plants showing normal development (1) and a break 
in apical dominance (2) 
(ii) RNAi plant showing 
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Seed from these T3 homozygous RNAi lines was also sown in soil and grown in 
the environment room. No aerial phenotype was observed for these plants after 
6 weeks of growth. 
6.3 Summary 
The results indicated in this chapter indicate that only the original splice (S) 
isoform of KNAT6 is capable of producing the characteristic leaf phenotype 
seen when other KNOX class 1 genes are overexpressed. There was no clear 
root phenotype in plants which displayed the aerial phenotype, although one 
line did show a reduction in root length, the number of lateral and anchor roots 
which were produced as well as an alteration in lateral root distribution. This 
result is discussed further in section 8.4.1. 
Antisense suppression of KNAT6 did not produce a cleariy visible phenotype in 
any of the parameters examined under the experimental conditions used here. 
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It may be that KNAT6 is redundant, or it may be that the antisense suppression 
has not worked efficiently. 
Analysis of RNAi lines gave no strong root phenotype being visible. However, 
some plants showed an aerial phenotype that was characterised by callus 
formation on the cotyledons as well as more severe apical defects. 
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Chapter 7 Identification of KNAT6 insertion mutants 
In addition to the transgenic approaches described in Chapter 6, a number of 
different Arabidopsis insertion mutant libraries were screened to identify a 
KNAT6 knockout. 
The Arabidopsis Knockout Facility collection was screened by PCR for a T-DNA 
knockout of the KNAT6 gene. In addition, collections generated at the Salk 
Institute, the Torrey Mesa Research Institute (TMRI), the Cold Spring Harbor 
Laboratory (CSHL) and the John Innes Research Centre and Sainsbury 
Laboratory that had sequence data available, were searched. 
7.1 Screening the Arabidopsis Knockout Facility Alpha collection 
The Alpha collection of T-DNA insertion lines at the Arabidopsis Knockout 
Facility (KO facility) at the University of Wisconsin Biotechnology Centre 
(http://www.biotech.wisc.edu/Arabidopsis) consisted of 60,480 lines that were 
organised into pools to allow efficient screening by PCR (Krysan et a/., 1999). 
The T-DNA insertions were produced using the pD991 vector that is a derivative 
of pCGN1547 (McBride and Summerfelt, 1990). The PCR reactions were 
carried out at the Centre with the primers specific for KNAT6 and the products 
returned for analysis. The pooling strategy and the insertion screening strategy 
is shown in Figure 7.1a. The Arabidopsis ecotype that was used to produce the 
Alpha collection was Ws. 
PCR primers, designated ATKO Fori and ATKO Rev1, were designed to 
amplify the complete KNAT6 genomic region according to the parameters 
detailed by the KO facility. The primers designed were 29 bp in length and had 
a GC content of 34 - 50% overall. The GC content of the 3' end of the primer 
was less than 50% and the last two bases at the 3' end of the primer contained 
a maximum of a single C or G. 
The KNAT6 primers, which amplify a 5.4 kb fragment, were tested along with 
control primers {Con-1A and Con-1B) and the T-DNA left border primer JL-202 
designed by the KO facility. Test PCR reactions with various primer 
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Figure 7.1a Pooling and screening strategy for KO facility 
Alpha collection 
(i) Pooling strategy (ii) Insertion screening strategy 
Vacuum infiltration of 
15,000 plants and 
isolation of 60,480 Kan^^ 
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• 
6,720 J pools generated 
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1 ' 
270 H pools of 225 lines 
generated by combining 
seed from 25 pools of 9. 
DNA extracted 
30 X pools of 2025 lines 
generated by combining 
DNA from 9 pools of 225. 
Primary PGR screen using DNA 
from 30 X pools using 5' gene 
primer and T-DNA left border 
primer 
1 r 
Confirm positives by 
southern blot and 
sequencing 
Secondary PCR screen 
using DNA from H pools 
corresponding to X pool 
which contained hit 
1 r 
Tertiary PCR on DNA from J 
pools corresponding to H pool 
which contained hit 
1 r 
Identify individual plant by 
extracting DNA from single 
plants in the J pool which 
contained hit 
combinations as detailed in Table 7.1a were performed as described by the KO 
facility (section 2.8.3). 
Table 7.1a Reactions performed to test primers for KO facility screening 
Reaction Primer 1 Primer 2 Primer 3 
1 Con-1A Con-1B -
2 Con-1A Con-7 8 JL-202 
3 ATKO Fori ATKORevI -
4 ATKO Fori ATKO Rev1 JL-202 
The Con-IA and Con-IB primers amplified a 5 kb fragment of the Arabidopsis 
genome and were used to test PGR conditions in this lab and provide a 
standard with which to judge the gene specific primers. Reaction 2 tested the 
compatibility of Con-IA and Con-1B with the border primer JL-202. Reaction 3 
tested the gene specific primers and reaction 4 tested the compatibility of the 
gene specific primers with the border primer JL-202. 
5 1^1 of each PGR product was analysed by gel electrophoresis (Figure 7.1b). 
The amount of PGR product in reactions 1 and 3 was similar, indicating that the 
gene specific primers worked well (by comparison with the control primers) 
under the PGR conditions used. The amount of PGR products in lanes 3 and 4 
was also similar, indicating that the gene specific primers were compatible with 
the left border primer JL-202. Having demonstrated that the ATKO primers 
designed to KNAT6 were suitable for use in the PGR screen, primers were 
desiccated and sent to the KO facility. As shown in Figure 7.1a, the DMA from 
the T-DNA tagged lines was organised into 30 pools. To allow the detection of 
an insertion in either orientation, two PGR reactions were carried out on each 
pool, one using the ATKO Fori primer with JL-202 and one using the ATKO 
Revi with JL-202. In addition, a control reaction was performed using the ATKO 
Fori and Rev1 primers with wild type Ws DMA as a template. The PGR 
reactions were returned and analysed by running 5 |il of each PGR product out 
on a gel (Figure 7.1c) before transferring the DMA to membrane by Southern 
blotting as described in section 2.6.1. 
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Figure 7.1b Compatibility of /ATKO Fori and ATKO Rev1 
primers used to screen to Arabidopsis KO facility collection 
4 kb 
Lane 1: Con-1A and Con-1B primers give a 5 kb band 
Lane 2: Con-1A, Con-1B and JL-202 primers give a 5 kb band 
Lane 3: ATKO Fori and .ATKO Revi primers give a 5.4 kb band 
Lane 4: ATKO Fori, ATKO Revi and JL-202 primers give a 5.4 
kb band 
Figure 7.1c Analysis of primary PCR products using ATKO 
Fori and ATKO Rev1 primers by gel electrophoresis 
In parts (i) and (ii), lanes 1-30 denote PCR reactions using DNA 
from X pools 1-30 as a template. Lane 31 in each case is the 
positive control using the ATKO Fori and ATKO Revi primers 
with wild type Ws DNA as a template. 
(\) ATKO Fori and JL-202 
2 4 6 8 10 12 14 
1 3 5 7 9 11 13 15 
17 19 21 23 25 27 29 31 
16 18 20 22 24 26 28 30 
5 k b 
{\\)ATKO Revi and JL-202 
2 4 6 8 10 12 14 16 18 
1 3 5 7 9 11 13 15 17 
20 22 24 26 28 30 
19 21 23 25 27 29 31 
5 k b 5 k b 
The blots were probed with the complete KNAT6 genomic sequence. The probe 
template was prepared by standard PCR (section 2.8.1) using the cloned 
genomic KNAT6 sequence from section 3.10 amplified with the 5' UTR+51 and 
3' UTR-116 primers. This probe template was then used to prepare a [^^P]a-
dCTP radiolabelled probe (section 2.6.4) that was hybridised to the membrane 
using the Church system (section 2.6.5). The membrane was washed to 100% 
stringency (section 2.6.8) before being exposed to autoradiography film 
overnight (section 2.6.10). The autoradiographs are shown in Figure 7. Id. The 
positive control had worked as expected and indicated that the PCR had been 
successful. There were various putative positives in the PCR reactions earned 
out using the pooled DNA, and these are listed in Table 7.1b. 
Table 7.1b Putative positives in DNA pools 
KNAT6 primer DNA Pool Approx. size of putative positive, kb 
ATKO Fori 4 6.0 
ATKOForl 14 9.0 
ATKO Fori 15 6.0 
ATKOForl and Revi 31 Positive control, 5.4 kb 
ATKO Revi 2 3.2 
ATKO Revi 3 3.2 
ATKO Revi 5 3.2 
ATKO Revi 14 3.2 
ATKO Revi 15 3.2 
ATKO Revi 17 3.2 
ATKO Revi 18 3.2 
ATKO Revi 19 3.0 
ATKO Revi 30 4.0 
ATKOForl and Revi 31 Positive control, 5.4 kb 
To confirm that the putative positives identified by Southern blotting were true 
insertions in the KNAT6 gene, the fragments corresponding to the hybridising 
bands were isolated and sequenced. 10 f.il from each PCR reaction that 
contained a putative positive as listed in Table 7.1b was purified using the High 
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Figure 7.1 d Hybridisation of primary PGR products obtained 
using the ATKO Fori and ATKO Revi primers to the complete 
KNAT6 genome sequence 
In parts (i) and (ii), lanes 1-30 denote PGR products using DMA 
from X pools 1-30 as a template. Lane 31 in each case is the 
positive control using the ATKO Fori and ATKO Revi primers 
with wild type Ws DMA as a template. 
{\) ATKO Fori and JL-202 
2 4 6 8 10 12 14 
1 3 5 7 9 11 13 15 
17 19 21 23 25 27 29 31 
16 18 20 22 24 26 28 30 
# 
(ii)yArKO Revi and JL-202 
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 
Pure PCR Product Purification kit (section 2.4.8) and eluted in 50 |al of the 
elution buffer provided. The purified PCR products were then reamplified using 
the same conditions as for the original screening (section 2.8.3), except that the 
number of cycles was decreased from 36 to 25. The reamplified fragments were 
separated by gel electrophoresis before the bands of interest (corresponding to 
the putative positives identified above) were cut out and purified using the 
QIAquick® Gel Extraction kit (section 2.4.7). These purified bands were then 
cloned into the pCR®2.1-T0P0 vector (section 2.7.4). White putative positive 
colonies were checked by colony PCR (section 2.8.1) using the universal 
primers M13F and M13R. Positive colonies were used to prepare plasmid DNA 
(section 2.4.1) and the plasmids were sequenced with M13F and M13R. 
Sequencing of the putative positives obtained using the ATKO Fori primer 
revealed that they were true insertions as they consisted of a junction between 
plant genomic DNA and the T-DNA left border, but that they were downstream 
of the experimentally determined 3' UTR. As these positives were downstream 
of KNAT6, it seemed unlikely that these insertions would result in a 
downregulation of gene expression and so they were not pursued further. 
Sequencing of the putative positives obtained using the ATKO Revi primer 
revealed that these products were in fact double primed by this primer. This was 
due to the fact that a region in exon 3 acted as a primer binding site for the 
ATKO Revi primer. 
Although a true positive may still have been identified despite the double 
priming by the ATKO Revi primer, this could have led to a positive being 
missed if amplification of the double primed product outcompeted that of a 
product primed by the ATKO Revi primer and the JL-202 primer. Therefore, a 
new reverse primer, ATKO Rev4, was designed and tested as before. The four 
test PCR reactions were carried out as described in Table 7.1a but with ATKO 
Revi being replaced with ATKO Rev4. The test PCRs showed that the ATKO 
Rev4 primer was compatible with both ATKO Fori and JL-202 (Figure 7.1e). 
This primer was then sent to the KO facility as before and the PCR reactions 
were returned for analysis. Again, 5 \x\ of each PCR product was analysed by 
gel electrophoresis (Figure 7.1f) before being transferred to membrane by 
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Figure 7.1e Compatability of >ArKO Fori and ATKO Rev4 
primers used to screen to Arabidopsis KO facility collection 
1 2 3 
5 k b _ ' 
Lane 1: Con-IA and Con-IB primers give a 5 kb band 
Lane 2: Con-IA, Con-IB and JL-202 primers give a 5 kb band 
Lane 3: ATKO Fori and ATKO Rev4 primers give a 5.4 kb band 
Lane 4: ATKO Fori, ATKO Rev4 and JL-202 primers give a 5.4 
kb band 
Figure 7.1 f Analysis of primary PCR products using ATKO Fori 
and ATKO Rev4 primers by gel electrophoresis 
Lanes 1-30 denote PCR reactions using DNA from X pools 1-30 
as a template. Lane 31 is the positive control using the ATKO 
Fori and ATKO Rev4 primers with wild type Ws DNA as a 
template. 
5kb 
2 4 6 8 10 12 14 16 18 
1 3 5 7 9 11 13 15 17 19 
5kb 
21 23 25 27 29 31 
20 22 24 26 28 30 
Southern blotting and then hybridised to the complete KNAT6 genomic 
sequence. The autoradiograms were exposed for 3 days before being 
developed. The positive control had worked as expected, and there was a 
putative positive in the PGR products obtained from DNA pool 1 (Figure 7.1g). 
However, the band corresponding to the positive in this pool was visible in all 
other pools on the gels (see Figure 7.1f), and it was not possible to reamplify 
this product in the same way as for the other putative positives analysed above. 
It was therefore concluded that this was also an artefact and was not pursued 
further. 
7.2 Isolation of SALK lines containing an insertion in KNAT6 
The Salk Institute (La Jolla, California, USA) holds a collection of 150,000 T-
DNA tagged insertion mutants (the Salk Institute Genomic Analysis Library, 
SIGnAL). The insertion mutants were produced in a Col-0 background using the 
binary vector pR0K2 (Baulcombe et a/., 1986) that confers kanamycin 
resistance to transformed plants. 
The T-DNA/plant junctions from single transformed lines were being sequenced 
at the time of this work, and the database of insertions was available at 
http://signal.salk.edu/cgi-bin/tdnaexpress. The database was searched using 
the Arabidopsis Genome Initiative (AGI) identifier for KNAT6, AT1G23380 
(available at the Arabidopsis Information Resource (TAIR), 
http://arabidopsis.org). 
Two positives, SALK_047931 and SALK_054482, were identified in the 
collection and T3 seed was obtained from the Nottingham Arabidopsis Stock 
Centre (NASC, http://nasc.nott.ac.uk/home.html). The position of the inserts is 
shown in Figure 7.2a. 
As these lines are segregating T3 seeds, and only a few seeds were provided, 
the presence of the T-DNA insertion in individual plants was initially confirmed 
by PCR. Primers to the KNAT6 genomic region surrounding the T-DNA 
insertion were used in conjunction with the pR0K2 left border primer LBb1 
which was used to sequence the plant/T-DNA junctions at the Salk Institute. 
DNA was extracted from leaf tissue from single soil grown T3 plants using the 
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Figure 7.1 g Hybridisation of primary PGR products obtained 
using the ATKO Fori and ATKO Rev4 primers to the complete 
KNAT6 genomic sequence 
Lanes 1-30 denote PGR products using DNA from X pools 1-30 
as a template. Lane 31 is the positive control using the ATKO 
Fori and ATKO Rev4 primers with wild type Ws DNA as a 
template. 
Arrowhead indicates putative positive in DNA pool 1 
2 4 6 8 10 12 14 16 18 
1 3 5 7 9 11 13 15 17 19 
21 23 25 27 29 31 
20 22 24 26 28 30 
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quick extraction metiiod detailed in section 2.4.4. Standard PGR witli an anneal 
temperature of 60°C and 35 cycles was then carried out (section 2.8.1) on the 
DNA from each plant to confirm the presence of an insert. 
[A] SALK_047931 was analysed using the following KNAT6 primers in 
conjunction with LBb1: SALK_047931 Rev1, SALK_047931 Rev2 and 
SALK_047931 For. The positions of these primers in relation to the T-DNA 
insert are shown in Figure 7.2b. 
The following PGR reactions (Table 7.2a) were performed on DNA from eleven 
T3 plants to confirm the presence of an insert in KNAT6. The LBb1 primer was 
used in all reactions. PGR products were analysed by gel electrophoresis 
(Figure 7.2c). A band of 478 bp was expected using the SALK_047931 Rev1 
primer in conjunction with LBb1 and of 766 bp when using the SALK_047931 
Rev2 primer in conjunction with LBb1 in plants where an insert was present. 
The PGR reactions indicated that there were T-DNA insertions in plants 2, 4, 6, 
8 and 11, and that there is a possible insert in plant 10 (the plant/T-DNA 
junction was amplified with the SALK_047931 Rev2 primer but not the 
SALK_047931 Rev1 primer). The products obtained were of the expected sizes. 
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Figure 7.2b Primer positions around the SALK_47931 insertion 
Exon 3 is shown in red 
SALK_47931For \s shown in green 
SALK_47931 Rev1 is shown in blue 
SALK_47931 Rev2 is shown in purple 
The T-DNA insertion site and orientation is 












TTGTTGTTGATCTTTGTGCTAATCATACAAATTTTACTTTATATCI I I I ICTCTT 
CTTTCTCTGTCAGAAAGAAAATGGTGTAGAAAGCAATAAACTTTTGTGGTAGA 
GATTCTGATTTTGACGTTTCAGAGGCTTGTTGCGTACTGAATGII I I IICAAC 
TTGTTGCTTTTTTCTAGTGAAAAACCAATTGACAGAAAAACCTAGTCATAACTT 
TTTAACAATATGTGTAGTTGAI I I I ICATGAGCTTCTTTTGCTTCACTTCTCGT 
TTAACAATAAGTAAGTATAAGTACTAGTCATAACTCATAAGTCGCTTCACTCTT 













TAGGAGI I I I I I I I I lAATACAATAAAATAGAAGAAAAACTCCAGCTGAAAGAG 
TTAGCTGTAAAGAAATGAAACTCCATAGATTGGTAGACI I I I I I ICAGCTTTG 
CAGGAGTTTTCCATTATC 
Figure 7.2c Identification of plants carrying an insertion in KNAT6 
corresponding to SALK_47931 
1 2 3 4 5 6 7 8 9 10 1 1 1 2 3 4 5 6 7 8 9 10 11 
800 
500 
The lane numbers indicate the number of the plant whose DNA 
was used as a PGR template 
The foHA/ard primer in all reactions was LBb1 
The reverse primer was SALK_047931 Rev1 in lanes 1-11 and 
SALK_047931 Rev2 In lanes 12-22 
A band of 478 bp was expected in plants containing an insert 
where the SALK_047931 Rev1 primer was used 
A band of 766 bp was expected In plants containing an Insert 
where the SALK_047931 Rev2 primer was used. 
Table 7.2a PCR to confirm presence of T-DNA inserts in T3 SALK_047931 
individuals 
Plant Reverse primer Insert? 
1 SALK_047931 Rev1 No 
2 SALK_047931 Rev1 Yes 
3 SALK_047931 Rev1 No 
4 SALK_047931 Rev1 Yes 
5 SALK_047931 Rev1 No 
6 SALK_047931 Rev1 Yes 
7 SALK_047931 Rev1 No 
8 SALK_047931 Rev1 Yes 
9 SALK_047931 Rev1 No 
10 SALK_047931 Rev1 No 
11 SALK_047931 Rev1 Yes 
1 SALK_047931 Rev2 No 
2 SALK_047931 Rev2 Yes 
3 SALK_047931 Rev2 No 
4 SALK_047931 Rev2 Yes 
5 SALK_047931 Rev2 No 
6 SALK_047931 Rev2 Yes 
7 SALK_047931 Rev2 No 
8 SALKJ)47931 Rev2 Yes 
9 SALK_047931 Rev2 No 
10 SALK_047931 Rev2 Yes 
11 SALK_047931 Rev2 Yes 
The PCR products obtained from plants 2, 4, 6, 8 and 11 using the 
SALK_047931 Rev1 primer and the product obtained from plant 10 using the 
SALK_047931 Rev2 primer were cloned directly into the pCR®2.1-T0P0 
vector (section 2.7.4). White putative positive colonies were checked by colony 
PCR (section 2.8.1) using the universal primers l\/113F and M13R, and colonies 
containing an insert of the correct size were used to prepare plasmid DNA 
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(section 2.4.1). Sequencing using M13F and M13R primers confirmed that the 
PGR products were in fact the amplified T-DNA/plant DNA junction. 
To determine if these individuals were homozygous or hemizygous for the T-
DNA insertion, T4 seed from the individual plants was sown on 'A MS10 SS 
medium supplemented with 35 mg/l kanamycin sulphate and scored for 
kanamycin resistance 7 days after germination (DAG). However, despite the 
successful amplification of the plant/T-DNA junction, all of the plants were 
kanamycin sensitive. It has been reported that many of the T-DNA insertion 
lines in the SALK collection exhibit silencing of the introduced kanamycin 
resistance gene, leading to a lack of kanamycin resistance even where the T-
DNA was present (http://signal.salk.edu/cgi-bin/tdnaexpress). 
Several attempts were made to determine whether the T3 individuals were 
hemizygous or homozygous using PGR, but the results obtained were 
extremely unreliable and it was not always possible to repeat the original PGR 
amplification detailed in Table 7.2a successfully. This could be due to poor 
quality of DNA preps or possibly due to the primers not being especially good 
pairs. The experiment was not pursued further due to time constraints, but clean 
DNA preparations and a redesign of the primers may help to solve the problems 
and allow genotyping of the T3 individuals and T4 progeny by PGR. 
[B] SALK_054482 was analysed using the Probe F and 5' RACE1 primers in 
conjunction with LBbl. These primer positions in relation to the T-DNA insert 
(according to the SALK database) are shown in Figure 7.2d. Use of the Probe F 
primer in conjunction with 5' RACE1 amplified the wild type gene (481 bp) and 
use of Probe F in conjunction with LBbl (548 bp) amplified the plant/T-DNA 
junction. Therefore, plants that were wild type, hemizygous or homozygous 
could be identified by PGR (Table 7.2b). The reactions were performed on DNA 
from twelve T3 plants and analysed by gel electrophoresis (Figure 7.2e). The 
reverse primer used in each reaction was Probe F. 
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Figure 7.2d Primer positions around the SALK_54482 insertion 
Exons 1, 2 and 3 are shown in red 
ProbeF is shown in blue 
5'f?>ACE1 is shown in green 
The T-DNA insertion site and orientation is 



















Figure 7.2e Identification of plants carrying an insertion 
in KNAT6 corresponding to SALK_54482 
lb 2b 3b 4b 5b 6b 7b 8b 9b 10b 11b 12b Cb 
l a 2a 3a 4a 5a 6a 7a 8a 9a 10a 11a 12a Ca 
6.5 kb 
4kb 
The lane numbers indicate the number of the plant whose DNA 
was used as the PGR template 
The forward primer in all reactions was ProbeF 
The reverse primer was LBb1 in lanes marked a and 5'RACE1 
in lanes marked b 
A band of 548 bp was expected in plants containing an insert in 
KNAT6 where the ProbeF and LBb1 primers were used 
A band of 481 bp was expected in plants containing a wild type 
copy of KNAT6 where the 5'RACE1 and LBb1 phmer were used 
Table 7.2b PGR to confirm presence of T-DNA inserts in T3 SALK_054482 
individuals 
Plant Forward primer Genotype 
1 LBbl Heterozygote 
1 5'RACEI 
2 LBbl Wild type 
2 5'RACEI 
3 LBbl Heterozygote 
3 5'RACE1 
4 LBbl Wild type 
4 5'RACEI 
5 LBb1 Wild type 
5 5'RACE1 
6 LBbl Heterozygote 
6 5'RACEI 
7 LBbl Wild type 
7 5'RACEI 
8 LBbl Wild type 
8 5'RACEI 
9 LBbl Wild type 
9 5'RACEI 
10 LBbl Heterozygote 
10 5'RACE1 
11 LBbl Wild type 
11 5'RACEI 
12 LBbl Heterozygote 
12 5'RACEI 
Gol-0 LBbl Wild type 
Gol-0 5'RACEI 
As can be seen from the gel in Figure 7.2e, a 700 bp band was obtained after 
PGR using the LBbl and Probe F primers. This is larger than the 548 bp band 
which was expected upon amplification of the plant/T-DNA junction. To verify 
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the sequence of these bands, the 700 bp PGR products from these reactions 
were cloned directly into the pGR®2.1-T0P0 vector (section 2.7.4). White 
putative positive colonies were checked by colony PGR using M13F and M13R 
primers (section 2.8.1) and those containing an insert of the correct size were 
used to prepare plasmid DNA (section 2.4.1). Sequencing with M13Far\d M13R 
revealed that the T-DNA insert was in fact downstream of the insertion site 
indicated by the SALK database. The experimentally determined insertion site is 
shown in Figure 7.2f. 
Therefore, as the T-DNA insertion is downstream of the site indicated by the 
SALK line sequenced fragment, the primers that were used for genotyping were 
both upstream of the insertion site (see Figure 7.2f). Therefore, a new reverse 
primer will have to be selected and used to genotype the plants. 
Although the T3 plants have not been genotyped successfully, T4 seed from 
individual plants 1,3,6,10 and 12 was sown onto 72 MS10 SS medium 
supplemented with 35 mg/l kanamycin sulphate and scored for kanamycin 
resistance 7 days after germination (DAG). All plants showed 100% green, 
kanamycin resistant seedlings, apart from plant 12 which had a few sensitive 
seedlings in a predominantly resistant background. The high proportion of 
kanamycin resistant plants indicated that there might be more than one T-DNA 
insertion in this line. If these multiple T-DNAs are segregating independently it 
should be possible to screen individual T5 plants that only contain the T-DNA 
insertion in KNAT6. 
No further work was carried out on these lines due to time constraints, but in the 
future, T5 seed could be grown and genotyped by PGR as above and then 
checked by kanamycin segregation for the number of T-DNAs. Southern 
analysis could then be used to confirm the number of T-DNA insertions in these 
individuals. For lines that contain only a single T-DNA in KNAT6, homozygous 
lines could be identified by PGR or by kanamycin segregation analysis in 
subsequent generations. 
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Figure 7.2f Primer positions around the revised SALK_54482 
insertion 
Exons 1, 2 and 3 are shown in red 
ProbeF is shown in blue 
5'RAC£1 is shown in green 
The revised T-DNA insertion site and orientation is 



















7.3 Other sequenced Arabidopsis insertion mutant libraries 
In addition to the Salk Institute collection discussed in section 7.2, several other 
insertion mutant libraries for which sequence data was available were searched 
as described below. 
[A] Syngenta Arabidopsis Insertion Library (SAIL) 
Formerly known as the GARLIG collection, the SAIL collection was produced at 
the Torrey Mesa Research Institute (TMRI, San Diego, Galifornia, USA). 
100,000 T-DNA insertion mutant lines were produced in a Gol-0 background 
using two different vectors, pGSA110 and pDAPIOI (McElver ef a/., 2001), with 
the transformants produced with the pGSAIIO vector also carrying the qrt 
mutation. The database was searched by emailing the sequence of interest to 
TMRI (http://www.tmri.org). The search results were then returned by email as 
BLAST results. The submission of the complete KNAT6 genomic region, 
including 2 kb of putative promoter, did not reveal a positive. 
[B] Gold Spring Harbor Arabidopsis Genetrap (GT) lines 
This collection was produced at the Gold Spring Harbor Laboratory (GSHL, 
Long Island, New York, USA) and consists of 14,547 insertion mutant lines in a 
Gol-0 background. At the time of this work, 13,587 inserts had been sequenced. 
These lines were generated by introducing a transposon into the Arabidopsis 
genome using the pWS32 vector (Sundaresan et a/., 1995). The lines are gene 
trap (GT) lines where integration of the transposon led to the production of a 
GUS fusion protein in many cases. GUS staining patterns are also available for 
many of the lines. The database was available at (http://genetrap.cshl.org) and 
was searched using the GenBank accession number for KNAT6 (AB072361, 
see section 4.6). 
Although a positive was identified in this database (GT8310), GSHL were 
interested in working on this line, and were in the process of characterising the 
insertion locus. Seed was only available to carry out a specific experiment to be 
done in collaboration, and this was not pursued further during the course of this 
work. 
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[C] The Arabidopsis ttialiana Insertion Database (AtlDB) 
The AtlDB combines sequence data from insertion mutation libraries at the 
John Innes Centre (Norwich, UK) and the Sainsbury Laboratory (Norwich, UK) 
as well as the CSHL GT lines detailed above. 
The transgenic lines generated at the John Innes Centre and the Sainsbury 
Laboratory consists of 48,000 transposon insertions (Tissier et a/., 1999). The 
T-DNA/plant junctions from these lines are currently being sequenced. 
The AtlDB was available at http://atidb.cshl.org and was searched with the 
KNAT6 genomic sequence using the BLAST programme against the sequenced 
inserts in the database. No positives were revealed. 
7.4 Summary 
The work carried out in this chapter showed that the Arabidopsis Knockout 
Facility Alpha collection did not contain in insert in the KNAT6 gene. However, 
two insertions in KNAT6 were identified in the Salk Institute collection. The 
insertion in SALK_047931 is located in intron 3 and the insertion in 
SALK_054482 is located in intron 2. Further analysis of these lines will be 
required to isolate plants containing homozygous insertions in the KNAT6 gene. 
In addition, one other insertion in KNAT6 was identified in the CSHL GeneTrap 
lines but this was not available for release. 
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Chapter 8 Discussion 
Plant homeobox genes can be classified into seven families based on their 
sequence. One of these families, the KNOX family, is characterised by the 
presence of an atypical homeodomain as well as various other conserved 
domains. The KNOX family can be further divided into two subfamilies, class 1 
and class 2, based on both sequence and function. Glass 1 genes are involved 
in maintenance of meristematic tissues whereas the function of class 2 genes is 
less well understood. In Arabidopsis, KA/OX class 1 genes include STM, KNAT1 
and KNAT2. This work describes the isolation and characterisation of a fourth 
member, KNAT6. 
The aim of this chapter is to discuss the results presented in the previous five 
chapters in the context of what is currently known about the function of class 1 
KNOX genes in plant development. Future work that is required for further 
clarification of the role of KNAT6 is also included. 
8.1 Isolation of a novel homeobox gene from Arabidopsis root using 3' 
R A C E 
Ghapter 3 detailed the experiments that allowed a fragment of the KNAT6 
coding sequence to be isolated from Arabidopsis root tissue using a 3' RAGE-
based approach. Although this approach was successful in that it allowed the 
isolation of KNAT6, it is possible that other homeobox genes that are expressed 
in root were not isolated for a number of reasons. 
The use of the STM coding sequence as a probe for the identification of 
homeobox sequences that were amplified during 3' RAGE may have prevented 
the detection of sequences from families that have diverged from the Glass 1 
KNOX genes. Therefore, it is possible that the detection of a Glass 1 homeobox 
gene was biased by the use of this probe. 
In addition, the treatment of root tissue with the synthetic auxin analogue NAA 
may have led to downregulation of transcription of genes which are normally 
negatively regulated by this plant hormone. 
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It is interesting to note that no homeobox sequences that are known to be 
expressed in root were identified in this screen. These include the class 2 
KA/OX genes KNAT3, KNAT4 and KNAT5 (Serikawa et a/., 1996) as well as the 
HD-GL2 gene GLABRA2 which is involved in controlling the developnnent of 
root hairs (Cristina ef a/., 1996, Masucci et a/., 1996). It may be that these 
genes were not identified due to the factors mentioned above. 
8.2 Sequence analysis 
As described in Chapter 3, the complete KNAT6 transcript was isolated using a 
combination of PCR-based approaches including 3' and 5' RACE. Analysis of 
this transcript was carried out as described in Chapter 4. 
8.2.1 Prediction of the KNAT6A7G 
As described in section 4.1.1, examination of the sequence adjacent to the 
KNAT6 ATG that was predicted in the GenBank database revealed a second in-
frame ATG 9 bases upstream. To determine which of these two ATGs was 
more likely to be the true ATG used for translation of the KNAT6 protein, the 
Kozak Scanning Hypothesis (Kozak, 1981) was used to predict which ATG 
more likely to be used for translation initiation. 
In prokaryotes, the ATG is selected by the Shine Dalgarno sequence. This 
purine rich sequence is found within the 10 bases upstream of the ATG initiation 
codon (Lewin, 1995). Examination of eukaryotic sequences indicated that there 
is greater heterogeneity within the region of a message preceding the initiation 
codon. Therefore, the original scanning hypothesis proposed that there was no 
particular sequence required for eukaryotic translation initiation, and that it was 
the first ATG that was used. (Kozak, 1980). However, as more sequences were 
analysed, it was revealed that the nucleotides flanking the initiator codon are 
not random. In particular, the bases at the -3 and the +4 positions are important, 
and purine bases (A or G) are conserved at these positions (Kozak, 1981). 
Therefore it appears that the context of the ATG that is important, rather than 
the presence of a "leader" sequence as found in prokaryotes. 
More recently, the consensus sequence for translation initiation has been 
determined for dicotyledonous plants (Joshi et a/., 1997). This consensus 
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sequence was used in section 4.1.1 to predict which ATG was more likely to be 
used for translation of the KNAT6 protein. 
Although neither sequence fits the consensus exactly, the upstream ATG 
shares the highly conserved G (67% of examined sequences) at the +4 position, 
whereas the downstream ATG has a T (12% of examined sequences) at this 
position. At the -3 position, the upstream sequence contains a C (8% of 
examined sequences) whereas the downstream sequence contains a G (22% 
of sequences). Therefore, it is likely that the upstream ATG is the ATG used for 
translation initiation of the KNAT6 protein. 
8.2.2 Analysis of the KNAT6 transcript 
To confirm that the complete coding sequence had been isolated using 5' 
RACE, the sequence upstream of the predicted ATG was analysed. 
Five small ORFs upstream of the ATG were identified (section 4.1.2). However, 
analysis using the splice site prediction software at the NetPlantGene server, as 
well as their location upstream of the predicated KNAT6 ATG, indicated that 
they were not part of the KNAT6 coding sequence. 
These upstream ORFs may be required for translational regulation. Early work 
on the role of 5' UTR ORFs in translational regulation was carried out using the 
GCN4 gene of Saccharomyces cerevisiae (For review see Geballe and Morris, 
1994). GCN4 encodes a transcription factor that positively regulates amino 
acids biosynthetic genes under conditions of amino acid starvation (Hinnebusch, 
1997). The GCN4 5' UTR contains 4 ORFs which control transcriptional 
regulation of the GCN4 protein. These ORFs are designated upstream 0RF1-4 
(uORF), with uORF1 being closest to the 5' end of the UTR. In the absence of 
amino acid starvation, translation begins at uORFI and the reinitiates at uORF4 
after termination of the uORF1 peptide. However, under conditions of amino 
acid starvation, reinitiation bypasses uORF5 and beings at the start of the 
GCN4 protein. This has been shown to be due to differences in the 
phosphorylation status of a subunit of initiation factor-2 (elF-2a) (Hinnebusch, 
1996; Gaba etal., 2001). 
196 
Translational control of plant proteins has also been shown to involve uORFs. 
For example, the mRNA of the maize Opaque2 gene is inhibited by the 
presence of several small ORFs that are located in the 5' UTR (Lohmer et a/., 
1993). 
Although some of the 5' UTR was included in overexpressing constructs 
(section 6.1.1), inclusion of the ORFs that are present in the 5' UTR of the 
KNAT6 cDNA was avoided as they may have provided an alternative translation 
start that could have reduced the amount of KNAT6 protein that was produced. 
It is possible that the 5' UTR sequence that was isolated experimentally in 
section 3.9 was not full length. This was indicated by the identification of likely 
TATA boxes more than 35 bp upstream of the experimentally determined 5' 
UTR (section 4.5). The full extent of the 5' UTR could be determined accurately 
using techniques such as RNase protection assays (Casson etal., 2002). 
8.2.3 KNAT6 is a Class 1 KNOX gene 
As described in section 3.8, a PGR product that was generated by 3' RACE with 
the HD-KN1 primers also hybridised to the STM probe. This fragment was 
cloned and sequenced before being compared with the sequences in the 
GenBank database. This analysis revealed that the fragment was part of the 
last exon and 3' UTR of a novel homeobox gene that was assigned to a 
predicted GeneScan gene on chromosome 1 (GenBank Accession numbers 
AC007945 and AC005292, available at http://www.ncbi.nlm.nih.gov). These two 
chromosomal sequences were aligned and shown to be overlapping, indicating 
that there is a single copy of this region rather than a duplicated gene in 
different parts of the Arabidopsis genome. The predicted gene was annotated 
as a homologue of the homeobox gene ATK1 (Dockx et a/., 1995). ATK1 has 
also been isolated as KNAT2 (Lincoln et al., 1994)) and is a class 1 KNOX gene 
(section 1.4.2). The isolation of the complete coding sequence of KNAT6 
revealed that its sequence was different to, but most similar to, that of KNAT2. 
Several other pieces of evidence also indicated that KNAT6 is a class 1 KNOX 
gene. 
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The positions of the KNAT6 introns are conserved with those in other KNOX 
genes. There is an intron in a conserved position near the N-terminal end of the 
second helix in the honneobox region which is conserved between all other 
KNOX genes and which has also been identified in KNAT6 (section 4.2). In 
addition, KNAT6 does not contain another small intron upstream of the 
homeobox in the ELK domain that is conserved only in Class 2 KNOX genes. 
Isolation of the complete KNAT6 coding sequence (section 3.7-3.9) allowed the 
KNAT6 protein sequence to be predicted and analysed (section 4.3). This 
indicated that the predicted protein sequence contained all of the protein 
domains previously identified in Class 1 KNOX genes (section 4.3). These 
domains include the homeodomain itself as well as the ELK and MEINOX 
domains and the GSE box. The roles of these domains were discussed in 
section 1.4.2.2. The three additional amino acids in the KNAT6 homeodomain 
that are characteristic of all the TALE superfamily genes were also identified in 
the KNAT6 predicted protein sequence. 
Less analysis has been carried out on the HD-KN1 Class 2 sequences, but 
these genes also contain the homeodomain, the ELK domain and the MEINOX 
domains. The presence of a GSE box in the Class 2 protein sequences was not 
readily identifiable by alignment with the Class 1 genes. 
Finally, phylogenetic analysis using the PHYLIP package of programmes 
(Felsenstein, 1989) was performed to confirm that KNAT6 was a member of the 
KA/OX class 1 subfamily (section 4.4). 
8.3 Expression analysis 
Determination of the expression pattern of KNAT6 was carried out using several 
methods. The promoter sequence was analysed for conserved motifs, and the 
promoter activity during development of seedling roots and in response to 
exogenously applied plant hormones was investigated using promoter::GUS 
and promoter::GFP fusions. pKNAT6::GUS plants were histologically stained 
and sectioned to determine the specific cell type in which the KNAT6 promoter 
was active, and this was confirmed using the GFP reporter gene. In addition, 
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the levels of the KNAT6 transcript were measured by Northern blotting and 
semi-quantitative RT-PCR. 
8.3.1 Identification of conserved motifs in the KNAT6 promoter 
Sequence analysis of 2 kb of the 5' flanking region upstream of the KNAT6 ATG 
was carried out using the PLACE database (www.dna.affrc.go.jp/htdocs/PLACE, 
(Higo et a/., 1999)). This revealed that there are motifs for several promoter 
activities in this region (section 4.5). 
There are eleven copies of a motif (ATATT) which is associated with root 
expression within the 2 kb region. This root motif was originally identified in the 
rolD promoter of Agrobacterium rhizogenes and has been shown to direct 
expression of the GUS reporter gene in tobacco roots (Elmayan and Tepfer, 
1995). 
Two auxin response elements (CATATG) at positions -309 and -1736 (Xu et a/., 
1997) were identified as well as an ethylene response element (ERE, 
ATTTCAAA) at position 294 (Montgomery ef a/., 1993). However, these two 
motifs were not isolated from Arabidopsis (the auxin response element is a 
soybean sequence and the ERE is a tomato sequence) and it is not known how 
efficiently they function in this species. In addition, one of the auxin response 
elements as well as the ERE are positioned approximately 1700 bp upstream of 
the KNAT6 coding region so they may not have formed part of the KNAT6 
promoter (normally most cis-acting promoter elements are found within 1 kb of 
the ATG). 
The 2 kb upstream sequence was also searched for the AuxRE motif TGTCTC. 
This sequence was isolated from the soybean GH3 promoter and was used to 
make the DR5 synthetic promoter that directs high auxin inducibility in several 
species including Arabidopsis (Ulmasov et a/., 1995, Ulmasov et a!., 1997). This 
motif was not identified in the KNAT6 promoter. 
Although several motifs were identified in the KNAT6 promoter, this does not in 
itself prove that KNAT6 gene expression is influenced by these sequences. In 
addition, some of these motifs are located more than 1 kb upstream of the 
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KNAT6 ATG and may not form part of the KNAT6 promoter. For example, the 
use of the GUS reporter gene to analyse the same 2 kb of KNAT6 promoter 
does not indicate that ethylene influences KNAT6 promoter activity (section 
5.1.4). However, treatment with the auxin analogue NAA shifts the expression 
of GUS towards the root tip, although there is no global increase of GUS 
expression in the root (section 5.1.4). In addition, the identification of eleven 
root motifs in the promoter region is supported by the experimentally 
determined expression of KNAT6 in the root. 
8.3.2 GUS expression level is variable in pKNAT6::GUS lines 
Three independent transgenic lines that express the GUS reporter gene under 
control of the KNAT6 promoter were examined over a developmental time 
course (section 5.1.3), and the response of these lines to exogenously applied 
plant hormones was investigated (section 5.1.4) 
GUS expression was absent in approximately 30% of seedlings during these 
analyses. Although the number of unlinked T-DNA loci was determined by 
kanamycin segregation analysis (section 5.1.2), it is still possible that there 
were a number of T-DNAs at each insertion locus. It has been documented that 
an increase in the copy number of a transgene can lead to a decrease in the 
transgene expression level (Matzke et al., 1989, Van Blokland et al., 1994), and 
this cosuppression may account for the GUS-negative transformants. 
It is also possible that expression of the KNAT6 gene is transient in the plant. 
Therefore, as staining of pKNAT6::GUS plants at a particular time in 
development represents only a snapshot of promoter activity, this may at least 
partially explain why not all of the seedlings show GUS activity at a given time 
point. 
8.3.3 KNAT6 promoter activity is localised to the phloem poles of the 
mature root 
The data presented in section 5.2 demonstrate that the KNAT6 promoter is 
active in the phloem poles of the root. 
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The roots of seedlings which expressed the pKNAT6::GUS construct were also 
sectioned to allow the GUS expression to be localised to specific cell layers 
(section 5.2.4). Sections were taken from the main root adjacent to the 
hypocotyl in all cases apart from Line 3.1, where sections were taken from 
further down the root towards the root tip for technical reasons. 
The examination of pKNAT6::GUS Lines 10.1 and 15.1 by sectioning indicates 
that the KNAT6 promoter is active in the phloem poles of the mature root in 
Arabidopsis. This is supported by the analysis of pKNAT6::GFP lines, where 
GFP expression was also seen in the phloem poles (section 5.2.3). 
The woodenleg (wo/) mutation was first identified as a radial pattern mutant that 
has fewer cells in the vascular bundle in comparison with the wild type, and 
where all of these cells differentiate to form xylem elements (Scheres et a/., 
1995). Therefore, in this mutant there are no phloem poles, which have been 
identified as a site of pKNAT6::GUS activity. As expected, no GUS expression 
was seen in root or hypocotyl when pKNAT6::GUS lines were introduced into 
the wol background (section 5.2.5). This is consistent with the findings 
presented above where pKNAT6::GUS activity is restricted to the phloem poles. 
Sectioning of pKNAT6::GUS Line 3.1 indicated that the KNAT6 promoter may 
be more widely expressed in the vascular tissue closer to the root apex. This 
difference in the staining pattern may reflect the part of the root that was 
sectioned and examined. KNAT6 may be required in different parts of the root 
during different phases of development, and its expression pattern may alter 
during development. Alternatively, it may be that there are slight differences in 
the expression patterns between these two lines and that the KNAT6 promoter 
is expressed in a wider range of vascular cells throughout the whole root in Line 
3.1. Future examination of sections taken towards the root apex from Lines 10.1 
and 15.1 may help to resolve this. 
It has been demonstrated that the Kn1 protein and transcript can move between 
different cell types (Kim et a/., 2002, Lucas et a/., 1995). It is possible that the 
KNAT6 transcript and/or protein are also trafficked in this way. It would be 
useful to examine the localisation of the KNAT6 transcript by in situ 
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hybridisation and the KNAT6 protein using an antibody. This would allow the 
cellular localisation of the transcript and the protein to be localised directly 
rather than inferring KNAT6 localisation by pKNAT6::GUS expression. This will 
help identify the cells in which KNAT6 functions. 
8.3.4 Analysis of KNAT6 transcript levels 
As described in section 5.3, the KNAT6 transcript was not detected by Northern 
analysis, but semi-quantitative RT PCR indicated that the KNAT6 transcript was 
expressed at approximately equal levels in roots and aerial parts of developing 
seedlings between 3 and 14 DAG. 
Although the KNAT6 promoter was active throughout a similar domain of the 
root during seedling development (i.e. in the primary root in the region where 
lateral roots were emerging), the percentage of the root that this region 
constitutes decreases as the root system elaborates. Therefore, it might have 
been expected that KNAT6 transcript levels would decrease over time. There 
are several reasons why the activity of the promoter as determined by the GUS 
reporter gene may not correlate exactly with levels of the KNAT6 transcript 
itself. 
It may be that GUS may be expressed over the complete length of the root, but 
that the expression level is too low for detection using the GUS assay. 
Increasing the staining time during the GUS histochemical assay is a simple 
way to investigate this possibility. 
It is also important to remember that there may not be a direct correlation 
between the amount of GUS protein that is present and the amount of KNAT6 
transcript. It has been shown that the GUS transcript and the GUS protein 
levels do not correlate well in all tissues (Topping at a/., 1991), so it is possible 
that there is also poor correlation between KNAT6 transcript and GUS protein 
levels and care should be taken in making a direct inference between the two. 
The presence of the KNAT6 transcript does not necessarily indicate that KNAT6 
protein is present and functional. KNAT6 may be regulated at the level of 
protein turnover as well as at the transcript level. In support of this, two regions 
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of the KNAT6 protein, the ELK domain and the extreme C-terminal, have been 
identified as putative PEST sequences that are thought to act as a signal for 
rapid intracellular degradation of proteins (section 1.4.2.2). However, there is 
also some evidence for transcriptional regulation of KNAT6 as levels of KNAT6 
transcript have been shown to be increased in the leaves of as1 mutants 
(Semiarti ef al., 2001). The normal function of-AS^ is to repress transcription of 
class 1 KNOX genes in the leaves to allow cell differentiation via expression of 
GA biosynthesis genes. 
It is also possible that the complete KNAT6 promoter was not used to make the 
pKNAT6::GUS fusion. Although 2 kb of sequence upstream of the KNAT6 ATG 
was isolated and used to drive GUS expression, it has been reported that 
sequences which control gene expression may also be present within the 
transcribed region of the gene. For example, c/s-acting elements in the 
intragenic sequence of the AGAMOUS {AG) gene of Arabidopsis are required 
for repression of >AG in vegetative tissues as well as correct spatial and 
temporal regulation of AG in early flower development (Sieburth and 
Meyerowitz, 1997). In support of this, KNAT6 has a large intron that may 
contain further regulatory elements. 
There is very little information on the expression pattern of KNAT6 in the 
literature. It has been shown by RT-PCR that KNAT6 is expressed at low levels 
in leaf tissue and at a higher level in the shoot apex (Semiarti ef al., 2001). 
There are no data for expression of KNAT6 in root with which to compare the 
results obtained here. 
8.3.5 Regulation of the KNAT6 promoter by plant hormones 
In untreated seedlings, the GUS expression pattern indicated that the KNAT6 
promoter is active in the main root in a broadly similar area to where lateral 
roots are emerging and elongating. GUS is not expressed in lateral root 
primordia, and disappears after the primary lateral roots have emerged. GUS 
expression was occasionally seen in the stele of older primary lateral roots 
close to the main root and at the bases of secondary lateral roots. GUS 
expression is stronger at the lateral root bases than in the stele of the main root. 
The primary and lateral root tips did not show GUS expression. 
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The responses of the KNAT6 promoter to exogenous plant hormones can be 
summarised as follows. The synthetic auxin analogue NAA altered the KNAT6 
promoter activity and led to expression of GUS at the root tip, while the 
cytokinin analogue BA caused downregulation. The auxin efflux carrier inhibitor 
NPA also reduced KNAT6 promoter activity while the auxin efflux carrier 
inhibitor TIBA and the ethylene precursor ACC did not appear to significantly 
affect promoter activity. 
In addition to treatment with exogenous NAA, the response of the KNAT6 
promoter to auxin was also investigated by examination of pKNAT6::GUS in the 
rty mutant background. The rty mutant has increased levels of auxin and shows 
a massive increase in the number of lateral and adventitious roots that are 
produced (section 1.2.1.1). In this respect, the rty phenotype resembles the 
effect of treating wild type seedlings with the auxin analogue NAA. 
In general, the level of GUS expression was lower in the rty background than on 
treatment with NAA, especially in Line 15.1, but the expression patterns were 
similar with GUS expression in the main root, at the bases of lateral roots and at 
the root tip (Line 10.1) or at the bases of lateral roots (Line 15.1). 
The difference in response of the KNAT6 promoter to the auxin efflux carrier 
inhibitors TIBA and NPA could indicate that different concentrations of these 
inhibitors are required for complete inhibition of auxin transport. It has been 
reported that 5-10 |JM NPA is sufficient to give complete inhibition of lateral root 
initiation in Arabidopsis, presumably due to complete inhibition of auxin 
transport (Casimiro et a/., 2001). As 10 pM NPA was used in this study, 
complete inhibition should have occurred. It is possible that the concentration of 
TIBA that was used (25 pM) did not give complete inhibition and that this 
explains the difference in response of the promoter. In support of this, it has 
been shown that growth on 20 |JM TIBA leads to a less drastic inhibition of root 
growth and lateral root formation than growth on 20 pM NPA (Mattsson a/., 
1999). 
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The effects of TIBA and NPA on the vascular system in the Arabidopsis root 
have also been reported (Mattsson ef a/., 1999). Treatment of plants with NPA 
and TIBA causes an increase in the size of the vascular bundle. The number of 
xylem strands is increased, and these are randomly distributed. They do not 
elongate or align properly, leading to xylem vessels that are interrupted. 
Therefore, alterations in the vascular tissue may also account for the decrease 
in pKNAT6::GUS expression, as cells of the stele which normally express 
pKNAT6::GUS may be lost. 
Although TIBA and NPA have been widely used to examine the developmental 
effects of disrupting polar auxin transport, it has recently been noted that these 
inhibitors do not specifically block the efflux carrier, but in fact inhibit the 
trafficking of the efflux carrier in the cell (Geldner ef a/., 2001, Geldner et a/., 
2003). Therefore, it may be difficult to draw conclusions about the effects of 
blocking auxin transport when the inhibitor used may have wider effects on 
cellular functions. 
It would be preferable to examine the effects of reduced auxin transport by 
analysis of the expression of pKNAT6::GUS in the aux1-100 background where 
the proposed auxin influx carrier AUX1 is non-functional. F2 seed for this cross 
has been obtained and is awaiting analysis. 
Overexpression of a fusion protein between KNAT2 and the glucocorticoid (GR) 
receptor in Arabidopsis has allowed the effects of various hormones on KNAT2 
function to be investigated (Hamant ef a/., 2002). Activation of the KNAT2-GR 
fusion led to delayed leaf senescence and a higher rate of shoot initiation. 
These two processes are also induced by cytokinin and repressed by ethylene. 
In addition, induction caused the production of lobed leaves characteristic of the 
overexpression of class 1 KNOX genes. This phenotype was partially repressed 
by the addition of the ethylene precursor ACC, and by the ctr1 mutation that 
causes a constitutive ethylene response (section 1.2.3). 
KNAT2 is expressed in the L3 layer and in the rib zone of the SAM (Hamant ef 
a/., 2002). Treatment with ACC restricts this expression pattern and reduces the 
size of the L3 layer. This can be reversed by the activation of the KNAT2::GR 
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protein fusion. Conversely, the KNAT2 expression domain is enlarged in the 
etr1 mutant background where ethylene responses are reduced, and also on 
treatment with cytokinin. 
Therefore, it appears that ethylene acts to repress KNAT2 function whereas 
cytokinin enhances it, and that these two hormones act antagonistically in the 
SAM via KNAT2 to regulate meristem activity. 
KNAT2 expression in the root has been determined by analysis of 
pKNAT2::GUS fusions (O. Hamant, pers. com.). Expression is weak in the 
primary root but is upregulated where lateral roots emerge. No expression is 
detected in the root meristem or in the elongation zone of the primary root. In 
this respect, expression of KNAT2 is similar to that of KNAT6 in the Arabidopsis 
primary root. 
However, it appears that regulation of KNAT2 and KNAT6 by plant hormones in 
the root differs. pKNAT2::GUS expression in the root is increased on cytokinin 
treatment, and ectopic expression is seen in the elongation zone of lateral roots. 
A decrease in pKNAT2::GUS expression is seen on treatment with ACC. This is 
not in agreement with the observed response of pKNAT6::GUS to these two 
plant hormones, where cytokinin causes downregulation of expression and ACC 
does not cause any alteration of expression. 
There is no detailed information on which cells in the root express 
pKNAT2::GUS, but it appears to be in the inner cell layers (O. Hamant, pers. 
com.) and it is possible that KNAT2 and KNAT6 are expressed in the same 
cells. Therefore, it appears possible that KNAT2 and KNAT6 may act 
antagonistically in the root. 
The use of plant hormones is a simple method for the initial investigation of the 
response of promoter::reporter fusions. However, there are problems 
associated with this approach in that the chemicals used may not actually be 
specific for purpose for which they are used (such as in the case of TIBA and 
NPA mentioned above). The use of genetic methods such as the analysis of 
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crosses may give more reliable results in the investigation of KNAT6 promoter 
activity. 
8.4 Functional analysis 
Functional analysis of the KNAT6 gene was performed by (a) overexpressing 
the KNAT6 coding sequence under control of the 35S promoter, and (b) the 
generation of antisense and RNAi lines, the aim of which was to downregulate 
KNAT6 expression. 
8.4.1 Overexpression of KNAT6 
As described in Chapter 4, two isoforms of KNAT6 mRNA have been isolated 
from NAA-treated Arabidopsis roots, and these two transcripts have been 
shown to arise from a single genomic locus (section 4.7). The "alternative 
splice" isoform differs from the "original splice" isoform by the insertion of two 
amino acids in the conserved MEINOX domain (section 4.6). 
This alternative splicing may be the result of a splicing error, or it may be a 
functional isoform that plays a different role in the plant. Both of these scenarios 
are a possibility, as discussed in section 1.3.3. 
As discussed in section 4.6, an independent group has isolated both of these 
isoforms and submitted the sequences to GenBank. Therefore it is highly 
unlikely that these two isoforms are an artefact of the isolation procedure used 
here. However, to confirm the presence of these two isoforms in multiple 
samples, PCR using primers specific to each isoform could be designed. The 
technique could be used semi-quantitatively to determine the relative 
abundances of each isoform in different tissues or after different treatments. 
This could be used to confirm the hypothesis that the original, shorter isoform is 
more abundant in NAA-treated root tissue (section 4.6), and to determine if NAA 
treatment alters the relative amount of these transcripts. 
Overexpression of the original splice isoform under control of the 35S promoter 
leads to the generation of the characteristic lobed leaf phenotype observed on 
overexpression of other class 1 KA/OX genes (section 6.1.4). It would be useful 
to determine if KNAT6 is indeed expressed at higher levels in these plants using 
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RT-PCR. The roots of transgenic lines that show this phenotype were also 
examined for alterations in root length, the number of anchor roots produced as 
well as the number and position of lateral roots. Six homozygous transgenic 
lines were examined, but only one of these showed a root phenotype (section 
6.1.5a). It therefore appears likely that this phenotype is not the result of 
overexpression of KNAT6 but may be an insertional mutation caused by the 
integration of the T-DNA. Therefore, it appears that overexpression of the 
original isoform of KNAT6 does not cause a root phenotype. 
Overexpression of the alternative splice isoform does not lead to the generation 
of the lobed leaf phenotype observed in original splice 35S::KNAT6 plants 
(section 6.1.4), although to confirm this, increased expression of the alternative 
KNAT6 isoform should be determined using RT-PCR. 
The addition of two amino acids to the MEINOX domain could either abolish or 
modify the function of this domain. It appears that the alternative splice isoform 
does not function in the leaf to generate the typical class 1 KNOX gene 
overexpression phenotype, but it is still possible that this isoform could function 
in the root. The roots of alternative splice 35S::KNAT6 homozygous plants 
could be examined to determine if this is the case. 
Alternative splicing of homeobox genes is known to play a role in their function. 
The rice OSH45 homeobox gene has been shown to have two different 
transcription initiation sites. This allows the production of several different 
mRNA species from a single genomic locus (Tamaoki ef a/., 1995). One cDNA, 
OSH45, consists of exon 1 and 3-7 while the second cDNA OS/-/42 consists of 
exons 2-7. In addition to this, the C-terminal of both of these cDNAs are 
alternatively spliced by the use of three different splice acceptor sites in intron 6, 
giving a total of six different transcripts. OSH45 is expressed constitutively while 
OSH42 is expressed in vegetative aerial tissues but not in flowers or roots. The 
alternative splicing in intron 6 is not tissue specific. The proteins that are 
encoded by these cDNAs also appear to have different transactivational 
activities, with exon 1 (that is present in OSH45 but not in OSH42) acting to 
suppress transactivational activity. It has been suggested that the OSH45 
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protein may function as a competitive inhibitor of OSH42 by occupying the 
same DNA binding sites without activating transcription. 
It is possible then that the two isoforms of KNAT6 may function in a similar way 
with the alternative splice isoform (that does not induce a lobed leaf phenotype) 
functioning to repress the activity of the original splice isoform that can induce 
the lobed leaf phenotype. 
8.4.2 Downregulation of KNAT6 
No clear phenotype was observed in KNAT6 antisense plants that were 
generated, as described in section 6.1.7. It has been reported that antisense 
suppression does not always cause efficient downregulation of the target gene 
(Chuang and Meyerowitz, 2000). No further analysis was carried out on these 
plants. 
Four different RNAi constructs were made using two parts of the KNAT6 coding 
sequence under the control of either the KNAT6 promoter or the 35S promoter. 
Analysis of 10 homozygous lines for each of these constructs was then 
performed (section 6.2). There did not appear to be any difference between the 
length of the primary root or the number of lateral roots or anchor roots that 
were produced by RNAi lines. 
However, it did appear that RNAil, RNAi2 and RNAil+P plants initiate lateral 
roots closer to the root tip. For the RNAi2+P plants, this is more variable, with 
some of the plants showing a similar trend to the Col-0 plants, and some 
showing a decrease in this distance. It is difficult to say if this is significant, as 
some variability was also seen in 35S::KNAT6 original splice sense lines when 
this parameter was measured (compare Figure 6.1.5b with Figures 6.2.4e-h). 
Initially, RT-PCR should be used to confirm that these RNAi plants do have 
reduced levels of the KNAT6 transcript. To confirm the putative root phenotype, 
measurements from the root tip to the last lateral root to emerge should be 
repeated. 
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In addition to this possible root phenotype, it was also noted that some plants 
showed an aerial phenotype. The range of phenotypes that were seen are 
summarised in Table 6.2.4a. 
A small proportion of seedlings exhibited a break in apical dominance, including 
Col-0 controls. Although the controls can occasionally show this phenotype, it 
may be that it occurs at higher frequency in the RNAi lines. Analysis of a greater 
number of both wild type and transgenic plants may help to resolve this. 
In addition, some seedlings carrying each of the four RNAi constructs showed 
callus fonnation on the cotyledons. This was never observed on Col-0 control 
plants. In RNAil and RNAil+P lines, cotyledon callusing and a break in apical 
dominance was combined. In some seedlings transformed with RNAil, 
seedlings showed a more severe apical phenotype where the SAM appeared to 
initiate many small leaf-like structures (see Figure 6.2.4q (v)). 
All four RNAi constructs cause callusing of cotyledons but a combination of a 
break in apical dominance and cotyledon callusing was only observed in plants 
carrying RNAil or RNAil+P constructs. Furthermore, the most severe apical 
phenotype was only observed in plants carrying the RNAil construct. This may 
reflect a higher efficiency of the 5' end of the KNAT6 transcript at inducing RNAi 
downregulation of the endogenous transcript. Increased cytokinin levels can 
cause the release of lateral buds from dormancy (Klee and Lanahan, 1995), 
and callus formation may also reflect alterations in the level of hormones such 
as cytokinin and/or auxin. 
The putative phenotypes discussed below are not an artefact of the RNAi vector 
as suppression of other genes using this vector gives different phenotypes to 
those described here (S. Casson, pers. com.). Therefore, the results presented 
here indicate that a decrease in KNAT6 levels in RNAi plants may perturb 
hormone levels in the plant. 
8.4.3 KNAT6 may be partially redundant 
Several pieces of information indicate that KNAT6 may be partially redundant. 
The phylogenetic analysis presented in section 4.4 indicates that KNAT6 is very 
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closely related to the Class 1 homeobox gene KNAT2. Therefore, it is likely that 
these two genes share some functional redundancy. It appears that KNAT2 
gene knockouts have no phenotype (O. Hamant, pers. com.) and is may be that 
KNAT2 and KNAT6 share some functional redundancy. 
As described in section 6.1.4, overexpression of the shorter original isoform of 
KNAT6 leads to a lobed leaf phenotype which is similar to that seen when 
KNAT1 and KNAT2 are overexpressed in Arabidopsis. This indicates that 
KNAT6 may be involved in the same pathways or may have some over lapping 
functions with these other KNOX genes. 
Mutations in the MYB transcription factor AS1 result in plants that have 
abnormal leaves, with marginal outgrowths or lobes (section 1.4.2.5). >AS^ 
related to ROUGH SHEATH2 {RS2) in maize and PHANTASTICA (PHAN) in 
Antirrhinum (Byrne et al., 2000). All three genes are expressed in lateral organ 
primordia and act as negative regulators of KNOX genes (Byrne et al., 2000; Ori 
et al., 2000; Semiarti et al., 2001; Timmermans et al., 1999; Tsiantis et al., 1999; 
Waites et al., 1998; Byrne eta!., 2002). 
as1 suppresses the stm mutant phenotype, so that double mutants have an as1 
vegetative shoot. Therefore, this genetic interaction indicates that STM normally 
prevents AS1 expression in the SAM to maintain its undifferentiated state 
(Byrne et al., 2000). Triple as1/stm/bp mutants, have a phenotype that is 
comparable to stm single mutants, indicating that BP/KNAT1 is required for 
meristem maintenance in the absence of STM (Byrne ef al., 2002). 
stm/knat2 double mutants have a stm phenotype and KNAT2 expression is also 
absent in s^m mutants. This is consistent with a genetic hierarchy whereby STM 
negatively regulates AS1, which in turn negatively regulates KNAT2. However, 
although it has been shown that KNAT2 is regulated by AS1, I<nat2 knockout 
plants have no phenotype either alone or in combination with as1 or as2. This 
indicates either that misexpression of KNAT2 is not required for these 
phenotypes, or that KNAT2 is redundant with another homeobox gene, most 
likely KA//A76. 
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No clear phenotype was identified in KNAT6 antisense lines (although transcript 
levels in these lines were not examined), and there is a subtle effect on root 
developnnent when KNAT6 transcript levels presumably are reduced in RNAi 
lines. In these RNAi lines, no clear aerial phenotype was observed, despite the 
expression of KNAT6 in aerial parts of the plant (sections 5.1.2 and 5.3.2). 
There are several explanations for these observations. It may be that the a low 
level of transcript is present in KNAT6 RNAi lines and that this responsible for 
the subtle phenotype, or it may be that the role of KNAT6 in root development is 
partially redundant with another gene. As mentioned above, the most likely 
candidate for redundancy with KNAT6 is the closely related KNAT2 gene, and it 
has been reported that KNAT2 is expressed in the root (section 8.3.5). 
To distinguish between these two possibilities, isolation and characterisation of 
null knate mutants as well as generation of knat2/knat6 double mutants will 
clarify the role of KNAT6 in plant development and reveal any partial 
redundancy between KNAT2 and KNAT6. The putative insertion mutants 
isolated in section 7.2 will be characterised to determine if they are indeed null 
alleles. 
8.5 Roles of KNAT6 in plant development 
The previous sections in this discussion deal with particular data on the 
expression and function of KNAT6 that was collected in the results chapters. 
The aim of the final section in this chapter is to provide a number of alternative 
models for possible roles of KNAT6 in the plant during development. 
8.5.1 KNAT6 may play a similar role to other c lass 1 KNOX genes in the 
shoot 
The similarity in phenotype between 35S::KNAT6, 35S::KNAT1 and 
35S::KNAT2 plants implies that KNAT6 may play a similar role to these genes 
in Arabidopsis. 
As discussed in section 1.4.2.5, the plant hormone cytokinin appears to function 
in some of the same pathways as class 1 KNOX genes. Some authors have 
noted that tobacco plants which overexpress Kn1 or KNAT1 share some 
similarities, such as a reduction in apical dominance and the formation of 
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epiphyllic shoots, with plants which overproduce cytokinin (Rupp et a/., 1999). 
However, overexpression of KNOX genes does not lead to reduced root growth 
that is characteristic of cytokinin treatment, which indicates that other pathways 
are also involved. 
The position of cytokinin in relation to KNOX genes in these pathways is not 
clear, with some workers proposing that cytokinin is upstream, and some 
proposing it is downstream, from KNOX genes (section 1.4.2.5). The 
observation that overexpression of the cytokinin biosynthesis ipt gene leads to 
accumulation of STM and KNAT1 transcripts (Rupp ef a/., 1999), and that 
overexpression of Kn1 and KNAT1 leads to elevated cytokinin levels (Ori et a/., 
1999, Frugis et a/., 2001) could be explained by the existence of a feedback 
mechanism, although this remains undefined at the molecular level. 
Alternatively, it is possible that misexpression of KNOX genes in tissues where 
they are not normally expressed (as is the case with 35S::KN1 and 35S::KNAT1) 
confers a novel function to these genes. As discussed in section 1.4.2.3, 
homeobox genes may be able to function as activators or repressors of 
transcription. Therefore, KNOX genes may carry out different functions at 
different stages of development or in different tissues depending on what other 
coregulatory proteins are present. This model could in theory be extended to 
explain alteration in the function of these genes when they are ectopically 
expressed. This may help to explain why cytokinin appears to act both 
upstream and downstream of KA/OX genes in the plant. 
The overexpression phenotype of KNAT6 in the shoot is similar to that seen on 
overexpression of other class 1 KA/OX genes and, as it has been demonstrated 
that this can lead to cytokinin accumulation, this result indicates that KNAT6 
functions to upregulate cytokinin biosynthesis. However, some RNAi plants also 
showed a phenotype that is similar to plants that have higher levels of cytokinin. 
Therefore it appears from these results that KNAT6 would normally function to 
repress cytokinin synthesis in the plant. It has also been noted as part of this 
work that exogenous application of cytokinin represses KNAT6 promoter activity. 
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It is not possible to draw further conclusions on the relative positions of KNAT6 
and cytokinin in developmental pathways from the results presented here 
although it does appear that hormone levels may be altered in plants with 
altered KNAT6 expression. 
8.5.2 KNAT6 may be involved in vascular development 
The KNAT6 promoter is active in the phloem poles of the root vascular tissue. It 
has been reported that other class 1 KNOX genes are expressed in vascular 
tissues. For example, the maize homeobox genes Kn1 and RS1 are expressed 
in the developing stem of maize seedlings (Jackson et a/., 1996). In the 
developing stem, Kn1 is expressed in the ground tissue, with the exception of 
some provascular strands that are associated with the developing lateral veins. 
RS^ is also expressed in the provascular strands of the stem, including cells 
that are not labelled by Kn1. Kn1 is expressed in some of the developing 
vascular strands of the inflorescence stem. RS1 is also expressed in the ground 
tissue of the inflorescence stem but not in the same provascular cells which 
express Kn1. In addition, RS1 and KN0X4 are expressed weakly in roots 
although no information is available for the cell type in which these genes are 
expressed (Kerstetter etal., 1994). 
In Arabidopsis, the class 1 KNOX genes KNAT1, KNAT2 and STM are also 
expressed in the stem of the plant. Expression of STM in the stem is absent 
from cells around the vascular strands (Long et a/., 1996). KNAT1 is expressed 
in cells that are adjacent to the developing vasculature in the stem (Lincoln et 
a/., 1994). KNAT2 is also expressed in vascular strands near the shoot apex 
and in inflorescence stems (Laufs et al., 1998, Dockx et al., 1995). 
Therefore, as class 1 KNOX genes are expressed in the developing vascular 
tissue of maize and Arabidopsis, it is reasonable that they may be involved in 
vascular tissue development. This is supported by the phenotype of the Kn1 
mutant, where vascular development is affected and knots associated with the 
vascular tissue develop (Vollbrecht et al., 1991). 
Mutations in AS1 and AS2, which are both negative regulators of class 1 KNOX 
genes, also lead to defects in vascular development. Normally, the primary vein 
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of Arabidopsis leaves grows acropetally in the centre of the leaf. Towards the 
leaf apex, the primary vein splits and forms secondary veins that grow 
basipetally towards the primary vein. Additional secondary veins differentiate as 
the lamina expands and they are connected almost symmetrically to the primary 
vein (Semiarti ef a/., 2001). 
as2 leaves show a thinner primary vein as well as asymmetric development and 
less efficient connections of secondary veins (Semiarti ef a/., 2001). The pattern 
of venation is also less complex than in AS2 plants, although differentiation of 
vascular elements such as xylem and phloem still occurs. In addition, as2 
mutants may have an increased number of vascular bundles in the petiole of 
leaves, as^ plants have a similar phenotype (Semiarti etal., 2001). 
Consistent with the observation that as1 and as2 have a similar morphology to 
35S::KNAT1 plants, there is an accumulation of KNAT1, KNAT2 and KNAT6 
transcripts in the leaves of these mutants (Semiarti et a/., 2001). Other groups 
have also reported that KNAT1 and KNAT2 accumulate in the leaves of as1 
(Byrne ef a/., 2000) and as2 (Ori ef a/., 2000). In addition, 35S::KNAT1 plants 
show an enlargement in secondary veins (Chuck etal., 1996). 
Therefore, there is a possible correlation between KNOX gene repression in the 
leaf and correct vein formation. It is possible that KNAT6 is required for 
development of phloem. It may act as a signal that specifies phloem identity or it 
may prevent all of the vascular tissues from becoming xylem elements. The 
development of xylem and phloem is mediated by plant hormones such as 
auxin (Davies, 1995). 
To determine if KNAT6 plays a role in the development of vascular tissue, 
35S::KNAT6 lines can in the future be examined to determine if these plants 
show a similar phenotype to 35S::KNAT1 plants. It will also be interesting to 
examine the vascular tissue of Arabidopsis plants where KNAT6 function is 
impaired, either in RNAi or insertion mutant lines. 
The expression of pKNAT6::GUS in several mutants which show defects in 
vascular patterning can be investigated. These include gollum (g/m), which is 
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characterised by defective radial patterning, and disorganised vascular tissues 
with an incomplete pericycle layer, and the components of the auxin perception 
pathway bodenlos {bdl) and monopteros (mp) that are defective in formation of 
continuous vascular strands, fass seedlings have an enlarged vascular cylinder 
which may contain more than two protoxylem poles. More than one vascular 
strand has also been observed in hydra mutants (Souter ef a/., 2002). This 
increase in vascular strands has been correlated with an increase in the number 
of cotyledons which are formed (Torres-Ruiz and Jurgens, 1994). T2 seed from 
all of these crosses has been generated and is awaiting analysis, and it will be 
interesting to examine the activity of the KNAT6 promoter in these backgrounds, 
as well as in the as1 and as2 mutants. 
8.5.3 KNAT6 may be a regulator of lateral root initiation 
Lateral root primordia are initiated by divisions in pericycle cells that are in 
contact with the underlying protoxylem cells of the xylem pole (Dubrovsky et a/., 
2001). Those pericycle cells that are adjacent to the phloem poles do not divide. 
Initiation of lateral roots occurs behind the root tip in the zone of differentiation, 
where the pericycle cells are not actively dividing (Malamy and Benfey, 1997). 
As discussed in section 1.3.3.1, it is thought that the cell cycle status of 
pericycle cells in files adjacent to xylem poles or phloem poles is different, with 
those that are adjacent to phloem poles remaining in the G1 phase and those 
that are adjacent to the xylem poles progressing to the G2 phase. It may be that 
xylem pole pericycle cells are more susceptible to lateral root initiation as they 
have already completed DNA synthesis (S phase) and are arrested immediately 
prior to the mitotic phase (M), whereas phloem pole pericycle cells are arrested 
prior to the S phase. 
It has been hypothesised that a negative regulator of lateral root development 
may be present in phloem pole pericycle cells. This negative signal could be 
encoded by cell cycle regulatory genes which inhibit cell cycle progression 
when overexpressed in Arabidopsis such as SUC1/CKS1At, which inhibits G1 
to S and G2 to M transitions (De Veylder a/., 2001b), or could be one of a 
number of cyclin-dependent kinase inhibitors (CKIs) (De Veylder ef a/., 2001a). 
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Cell cycle regulation in the xylem pericycle is known to be mediated by auxin, 
as inhibition of polar auxin transport using NPA blocks lateral root initiation 
(section 1.3.3.2). Auxin has recently been shown to promote lateral root 
initiation by stimulating the G1 to S transition in xylem pole pericycle cells 
(Himanen etal., 2002). In young roots where lateral roots are being initiated, the 
CKI gene KRP2 is expressed in the phloem pole pericycle. In older tissues, 
where no laterals are normally formed, expression was seen in the xylem pole 
pericycle cells, or around the whole pericycle. KRP2 expression was also 
observed opposite a developing lateral root in the xylem pole pericycle. 
Therefore, it appears that this gene is required for inhibition of cell division in 
cells that do not form lateral roots. This is supported by the observation that 
overexpression of KRP2 prevents pericycle activation and reduces the number 
of lateral roots which are formed. 
The expression pattern of KNAT6 in the phloem poles of the root as determined 
by pKNAT6::GUS activity allows one to speculate that this gene may also play a 
role in regulation of lateral root development. As KNAT6 is expressed in the 
phloem pole, rather than in the phloem pole pericycle cells, this would require 
trafficking of the KNAT6 transcript or protein, or the production of a 
transportable signal by KNAT6. The ability of the KNAT6 protein to be trafficked 
between different cells can be investigated in the future by the analysis of 
KNAT6::GFP protein fusions which were generated as part of this work. In 
addition, localisation of the KNAT6 transcript could be investigated using in situ 
hybridisation, and protein localisation could be investigated by 
immunolocalisation if a KNAT6 antibody were raised. Differences in these two 
expression patterns may reveal differences in the localisation of the KNAT6 
transcript and protein. 
Based on GUS expression in the stele of the primary root in pKNAT6::GUS 
lines, it does not appear that KNAT6 is expressed in the zone of lateral root 
initiation close to the root tip. Therefore, KNAT6 may not be involved in control 
of initiation of lateral roots at this position in Arabidopsis. A separate negative 
regulator of lateral root initiation may be required in the zone of differentiation to 
prevent phloem pole pericycle cells from initiating lateral roots at this position. 
However, the putative phenotype in RNAi plants, where lateral roots are 
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initiated closer to the root tip, may indicate a role for KNAT6 in lateral root 
initiation at this position. 
KNAT6 appears to be expressed in the zone of lateral root emergence. Auxin is 
also implicated in the emergence steps during lateral root initiation as discussed 
in section 1.3.3. Analysis of the levels of auxin in the Arabidopsis root reveals 
that a gradient is present, with a high concentration at the crown that decreases 
towards the root tip (Marchant et al., 2002). Then, at the root tip itself, auxin 
accumulates to give a higher concentration. The expression data inferred from 
pKNAT6::GUS lines indicate that KNAT6 appears to be expressed in a zone of 
intermediate auxin concentration which correlates roughly with the zone of 
lateral root emergence. Therefore, there is a possible link between the auxin 
gradient required for lateral root emergence and KNAT6. 
It may be that the concentration of auxin in the zone of lateral root emergence 
could induce formation of lateral roots from phloem pole pericycle cells at this 
position, and that KNAT6 acts as an inhibitor here. pKNAT6::GUS is not 
expressed in the older primary root, and it may be that KNAT6 is no longer 
required at this position, for example if the pericycle cells are no longer 
responsive to auxin and therefore cannot form lateral roots. 
Although auxin is required for lateral root development, it is likely that the ratio 
of auxin to cytokinin is also important (Davies, 1995). The downregulation of 
pKNAT6::GUS by exogenous addition of BA could be explained if this causes a 
change in the auxin to cytokinin ratio which prevents lateral root initiation, such 
that the inhibitory effects of KNAT6 are not required. Indeed, lateral roots were 
not initiated on treatment with BA in this work. 
During the course of this work, pKNAT6::GUS seedlings were examined after 3, 
6 and 9 days treatment on NAA. After 3 days' treatment, when lateral roots 
have been initiated along the whole length of the root apart from at the tip, 
pKNAT6::GUS expression has shifted to the root tip. The expression of 
pKNAT6::GUS at this position may be significant as this is the only part of the 
root where lateral roots are still emerging. Therefore, this may support the 
hypothesis above that KNAT6 is required specifically at the position of lateral 
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root emergence. The investigation of pKNAT6::GUS expression after shorter 
treatments with NAA will indicate if KNAT6 is upregulated along the root during 
the period when lateral roots emerge simultaneously over the whole root, and 
will help to clarify this point. GUS histochemical staining of plants which carry 
pKNAT6::GUS in the rty background over a developmental time course can also 
be carried out to this end. 
The alf3-1 mutant is characterised by lateral roots that emerge and then arrest 
(Celenza ef a/., 1995). As the alf3-1 mutant can be rescued by growth on the 
lAA precursor indole, it is thought that the role of the ALF3-1 gene product is 
maintain auxin levels in the primordium at a level which is required to keep the 
cells viable. This could either be by de novo synthesis of auxin in the 
primordium, or by auxin transport to the primordium. Investigation of the activity 
of the KNAT6 promoter in this mutant background may help to dissect the role 
of KNAT6 in relation to the emergence steps of lateral roots in Arabidopsis. 
In addition, the expression of pKNAT6:;GUS in laxS and aux1-100 backgrounds 
can be investigated. These mutants show reduced numbers of lateral roots 
(section 1.2.1.2), and this may correlate with a reduced expression domain of 
KNAT6 if KNAT6 is indeed required at positions of lateral root emergence. 
Expression of KNAT1 in the SAM is seen as two stripes in the peripheral zone 
that appears to mark the boundary between the cells of the meristem, and the 
cells which will form the next leaves (Hake and Ori, 2002). This is similar to the 
expression of the maize class 1 KNOX gene RS1, which is expressed in a ring 
around the lateral organ primordia adjacent to the meristem (Jackson ef a/., 
1996). It has been proposed that the misexpression of class 1 KNOX genes 
creates ectopic boundaries (Ori ef a/., 2000). In 35S::KNAT1 plants, the sinuses 
between the lobes on the leaves consist of cells which have meristem-like 
properties whereas the lobes consist of cells with leaf-like properties. This 
juxtaposition is similar to the situation seen in the SAM where leaves are 
initiated. Consistent with this model is the expression of KNAT1 and KNAT2 in 
the sinuses. It seems possible that KNAT6 may play a similar role in the 
development of the root, where it may be involved specifying which cells will 
form lateral roots, and cells which will not. 
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8.5.4 KNAT6 may play a role in control of root architecture 
As well as expression in the stele of the main root, pKNAT6::GUS is strongly 
expressed at the bases of the lateral roots. 
Analysis of the bp mutant (a null allele of KNAT1) has indicated that this gene 
plays a role in the development of the Arabidopsis inflorescence stem (Douglas 
et al., 2002). In wild type plants, the inflorescence stem consists of an outer 
layer of epidermis surrounding 4-5 layers of ground tissue (chlorenchyma). The 
inner part of the stem consists of alternating vascular bundles and 
interfascicular fibres that surround central pith. The pattern is altered at 
positions where nodes join the main stem. Here, a discrete vascular bundle in 
the stem adjacent to the region of attachment of the lateral organ is absent. This 
is a result of branching of the vascular bundle into the lateral organ to connect it 
into the vascular system of the rest of the plant. In the node itself, vascular 
bundles that are on the adaxial side are smaller than those on the abaxial side. 
In addition, the chlorenchyma is interrupted adjacent to the lateral organs at the 
nodes, so that a collar of achlorophyllous tissue is produced distal to the node. 
This indicates that a downregulation of chlorenchyma development occurs 
adjacent to the lateral organs. 
In the bp mutant, this achlorophyllous tissue is expanded to include a larger 
portion of the stem circumference, and also extends basipetally into the 
internodes which underlie cauline leaves and floral nodes to form a stripe of 
achlorophyllous tissue. These stripes are always positioned over the vascular 
bundle which is associated with the lateral organ from which the stripe 
originated. 
This suggests that a repressor of chlorenchyma development normally functions 
in the plant to produce achlorophyllous tissues at the nodes (Douglas ef al., 
2002). The enlargement of this domain in bp mutants suggests that BP normally 
restricts the domain of action of this repressor. As there is a link between the bp 
stripe and the vascular bundle, this suggests that there is a link between the 
repressor and the vasculature. For example, the flux of the repressor through 
the vascular tissue may alter differentiation in the overlying tissues. Therefore, 
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BP may function to repress the action of this "asymmetrising" molecule, and 
may provide the switch between the symmetrical internodes and the 
asymmetrical nodes in the inflorescence stem. 
Supporting evidence for this link between the bp stripe and the vasculature 
comes from the observation that overexpression of class 1 KNOX genes such 
as in the l<notted1 mutant in maize and 35S::KNAT1 plants leads to ectopic 
meristem formation near leaf veins. 
The localisation of pKNAT6::GUS expression in the phloem poles of root 
vascular tissue may imply that KNAT6 performs a similar function in the root, 
where it is required for the regulation of lateral root spacing in the same way as 
BP is required in the stem. 
This is supported by the putative root phenotype observed in RNAi lines where 
lateral roots appear to be produced closer to the root tip. This indicates that 
KNAT6 may normally function to repress the initiation of lateral roots in the 
Arabidopsis root. 
The genes which are downstream of KNAT6, and which may play a role in 
control of lateral root spacing are currently unknown. LAX3 is one candidate 
downstream gene. LAX3 has similarity to AUX1 and is expressed in the mature 
vasculature of the root where it is thought to deliver auxin to the lateral root 
primordia (M. Bennett, pers. com.). Iax3 plants show reduced numbers of lateral 
roots compared to wild type plants. The investigation of the expression of LAX3 
in plants where KNAT6 is downregulated (either RNAi lines or insertion mutants) 
will indicate if KNAT6 normally regulates LAX3 to control lateral root spacing. 
8.6 Conclusions 
This work describes the isolation and preliminary characterisation of the 
Arabidopsis class 1 KNOX gene KNAT6. 
The expression and functional analysis presented here indicates that KNAT6 
may play similar roles to other classi KNOX genes in the maintenance of cell 
identity or function. In addition, KNAT6 may also be involved in aspects of 
221 
lateral root and vascular tissue development as well as in the control of root 
architecture. Further work that has been proposed throughout this chapter 
should clarify the role of KNAT6 in plant development. 
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Appendix 1 Primer sequences 
Primers 
35s ENH For. AACATGGTGGAGCACGACAC 
35s P1: GGCCATCGTTGAAGATGCCT 
35S T1. CCTAATTCCCTTATCTGGGA 
35S T3' (EcoRI): GAATTCCTTGCATGCCTGCAGGTC 
35S 75' (Sad): GAGCTCGTCCGCAAAAATCACCAGT 
3'UTR-51: CCTTTGTCGGCAAAGCAAGGCAG 
3'UTR-116: CATGTGAGTGAGTGTAAGATCC 
3' UTR-116Xbal: TCTAGACATGTGAGTGAGTGTAAGATCC 
5' RACE 1: CCAAAGCAAGAAGAAGGAACAACC 
5' RACE 2: CCTCTAGTAAACACGCTATCTCC 
5' RACE 3: GCTTGAAGTAAGCGAGGATACG 
5'RACE 4. CGACGAGCTACTCTCAGTAGC 
5' UTR + 51: CTCGACCTATGAAGCCTGAAGCTCC 
ACT For. GATCCTAACCGAGCGTGGTTAC 
ACT Rev: GACCTGACTCGTCATACTCTGC 
Adaptor. CTTATACGGATATCCTGGCAATTCGGACTT 
ATKO Fori: GTTAGGAAGGCCTTATCTCGACCTATGAA 
ATKO Revi: AATTCATGTGTCGTCCATGCTTCACTCTT 
ATK0Rev4: TCCTCGGTAAAGAATGATCCACTAGAATC 
Cds For GATCCCTCGAGCCTCTCTCTC 
Con-IA: CGTCTAGGTGGTTCAGTACCTGTTGAATG 
Con-IB: TTTATCGAAGAAACATGTCGTTGAACCAG 
CTR For CGCCAAACTTCTTCAACAATGGC 





HD Exon 1: GTTTCCTTCCGATTACCAAGC 
HD Exon 2: GAGGAGATTCAACGGGAGAGTG 
HD Exon 3: AAGACCGTTTGACGAGGCAACG 
HD Exon 4: GAATTTGGTGTAACAGAGGATGG 
HD Exon 4 Rev: 
























Prom Seq For 





































Nested degenerate homeobox primers 
KN1 1: TGGTGGI(A/G)III(T/G)CA(T/C)(T/A)(C/A)IAA(A/G) 
KN12: (Arr)IAACA(A/G)AT(C/A)ACAATTGG 
BEL 1: GTIIII(G/A)TICTI(C/A)GIICTTGG 
BEL 2: GIA(G/A)(C/T)CAGGTITCAAA(C/T)TGG 
PHD 1: TTT(G/C)(C/A)AGAGA(C/A)T(C/G)A(A/G)(T/C)(T/A)TCC 
PHD 2: GA(G/A)GGA(G/T)(A/C)G(C/T)(C/T)T(Arr)GC(C/A)AAAGAGC 
GL21: TT(T/C)AAIGA(G/A)(T/A)ITCCICATCC 
GL2 2: (C/A)CI(C/A)IICAAGTCAAGTT(T/C)TGG 
ZIP 11: AICA(G/A)(G/A)TIA(G/A)IICI(T/C)TIGAG 
ZIP 12: CA(A/G)(G/A)TIGCI(G/A)TITGGTTTTC 
ZIP I11: CIAAA(G/C)AICAA(G/T)CTI(T/C)IITTC 
ZIP II2: AAAGAICA(C/T)A(G/A)(T/C)ACICT(C/T)AATCC 
ZIP III 1: GAACAAGT(T/G)GAAGCTCTIGAGAG 
ZIP III 2: CAGCTIATICGIGA(G/A)TGTCC 
Appendix 2 
pEGFPer vector 
pUC19 based (high copy number). Ampicillin resistant 
size ~3.87 kb 
Smal S a d EcoR1 




Sphi Xba l 
TEVL is a tfansfational enhancer from etch potivims 
SP is the signal peptide from chitinase which allows the GFP to enter 
the ER 
EGFP encodes Enhanced Green Fluorescent Protein and Includes a 
KDEL sequence at the 3' end for ER retention 
CaMV 35S temninator 
pGUS-1 vector 
pUC19 based (high copy number). Ampicillin resistant 
size -3.87 kb 
S a d EcoRI 
Hindlll Psti Xba l Sma1 
M13R M13F 
Sphi Sail BamHI 




pDH51 based vector (Ampicillin resistant), high copy number 
Size is ~4.14 kb 
Allows production of protein::GFP fusions with the GFP at the C 
terminal of the protein of interest (which is cloned in at the Sma1 











Sma1 S a d 
• CaMV 35S promoter 
• smGFP - no ATG but has a stop codon 
• CaMV 35S terminator 
pRNAi 
pDH51 based vector (Ampicillin resistant), high copy number 
Size i s - 4 . 1 4 kb 
EcoRI EcoRI 
N ^ ^ m a l Xbal ^Sall Xhql Bgill SphI 
hinge 
BamH1 Spel 
3 5 S T 
Apal SphI 
• CaMV 35S promoter 
• Ampicillin-based hinge region 
• CaMV 35S terminator 
pGAT4 cloning site 
pET17b backbone with Bglll/Xhol fragment from pET28a(+). Ndel to Hindlll site 
then replaced with Gateway™ cassette. pGAT4 carries an ampicillin resistance 
gene. Vector approx. 4.4 kb 
Xbal 
rbs 
Ncol Ndel attR2 
His 
attRI 






Ribosome binding site 
His Tag 
Thrombin 
Chloramphenicol resistance gene 
ccdB cytotoxic gene 
T7 Terminator 
pBinAGRFAN T-DNA 
Gateway™ compatible binary vector based on pBIN19. The 
selectable marker is kanamycin. Vector approx 12 kb 
RB 
nptll 35SP AlcR cds nos nos 
attR2 
1 CmR cede 
attRI 
I smGFP LB A lcAP 
• nptll gene confers kanamycin resistance to plants 
• CaMV 35S promoter 
• AlcR gene coding sequence 
C3 Nos terminator 
^ Chloramphenicol resistance gene 
^ Cytotoxic ccdB gene 
• smGFP coding sequence 
• AIcA promoter 
rEcoRI/Pvull) 1 
EcoO109 2674, 








































Appendix 2 Plasmid maps 
M13 Reverse Primer 
tecZaATG 
Hind III S a c I eamHI 
I I SSS ^ '^'^ A T T ACG CCA AGC T T G GTA CCG AGC TCG GAT CCA CTA 
GTC C T T TGT CGA TAC T G ^ TAG TAA TGC GGT TCG AAC CAT GGC TCG AGC CTA GGT GAT 
esai E c o R i 
G T A A C G G C C G C C A G T G T G ' C T G G A A T T C G C C C T t I 
C A T T G C C G G C G G T C A C A C G A C C T T A A G C G G 
E c o R I 
GGC GAA T T C TGC 
T T C CCG C T T AAG ACG 
Apa\ £ c o R V BsrXI WofI Xho\ Nsi\Xba\ 
' I I I I I 
AGA TAT CCA TCA CAC TGG CGQ CCG C T C GAG CAT GCA T C T AGA GGG C C C AAT TCG 
T C T ATA GGT AGT GTG ACC GCC GGC GAG CTC GTA C G T AGA T C T CCC GGG T T A AGC 
C C C T A T 
GGG ATA 
T7 Promoter 
AGT GAG TCG TAT TAlC AAT TCA 
TCA C T C AGC ATA A l b T T A AGT 
M13Foiv<ard(-20) Primer 
CTG GCC GTC G T T T T A dAA CGT OST GAC TGG GAA AAC 




Comments for pCR®2.1-T0P0® 
3931 nucleotides 
LacZa fragment: bases 1-547 
M13 reverse priming site: bases 205-221 
Multiple cloning site: bases 234-357 
T7 promoter/priming site: bases 364-383 
Ml 3 Forward (-20) priming site: bases 391-406 
f1 origin: bases 548-985 
Kanamycin resistance ORF: bases 1319-2113 
Ampicillin resistance ORF: bases 2131-2991 











rmB T2 transcription termination sequence (c): 
rrnO T1 transcription termination sequence (c): 
Recommended forward priming site: 
a«P1: 
ccc/B gene (c): 
Chloramphenicol resistance gene (c): 
artP2 (c): 
Recommended reverse priming site: 
Kanamydn resistance gene: 
Gentamicin resistance gene (c): 
pUC origin: 
(c) = complementary strand 
pDONR™201 pDONR™207 













uj ? >< UJ 
pENTR 
Comments for pENTR^SC 
2723 nucleotides 
rmB T1 transcription termination sequence: bases 106-149 
rmB T2 transcription termination sequence: bases 281-308 
attLV. bases 358-457 (complementary strand) 
cccfB gene: bases 618-923 
aftL2: bases 952-1051 
Kanamycin resistance gene: bases 1174-1983 
pUC origin: bases 2047-27<20 
Appendix 3 Kanamycin segregation data for transgenic lines 
Table 1 T2 pKNAT6::GUS lines 
Line Kan^ Kan^ Line Kan*" Kan"" 
1 449 4 9 221 81 
2 410 135 10 158 19 
3 174 63 11 169 41 
4 311 112 12 197 60 
5 165 43 13 167 48 
6 395 150 14 159 14 
7 314 84 15 151 8 
8 218 75 - - -
Table 2 T2 pKNAT6::GFP lines 
Line Kan" Kan^ Line Kan" Kan'' 
1 229 8 9 80 33 
2 51 12 10 70 29 
3 158 45 11 107 40 
4 245 85 12 169 55 
5 136 4 13 162 51 
6 105 32 14 195 53 
7 172 51 15 196 79 
8 67 26 16 130 45 
Table 3 T2 35S::KNAT6 original splice sense (S) lines 
Line Kan" Kan'' Line Kan" Kan'' 
S1 129 16 S16 83 1 
S2 195 47 S17 139 5 
S3 219 7 S18 113 58 
S4 123 28 S19 103 25 
S5 196 11 S20 72 23 
S6 342 122 S21 114 35 
S7 163 57 S22 184 0 
S8 237 19 S23 129 8 
S9 145 52 S24 52 17 
S10 245 83 S25 104 7 
S11 171 15 S26 73 1 
S12 162 43 S27 176 9 
S13 164 66 S28 127 32 
S14 170 5 S29 61 1 
S15 263 0 S30 200 62 
Table 4 T2 35S::KNAT6 alternative splice sense (asS) lines 
Line Kan" Kan'' Line Kan" Kan" 
asS6 154 43 asS22 184 5 
asS7 134 47 asS23 224 71 
asS8 90 11 asS24 135 172 
asS9 263 79 asS25 343 12 
asS11 93 30 asS26 184 4 
asS12 197 44 asS27 246 80 
asS13 237 4 asS28 261 5 
asS14 283 18 asS29 229 84 
asS15 194 52 asS30 303 102 
asS16 379 23 asS31 229 63 
asS17 186 59 asS32 255 6 
asS18 2 172 asS33 199 73 
asS19 266 16 asS34 235 72 
asS20 360 46 asS35 156 60 
asS21 149 41 asS36 245 83 
Table 5 T2 35S::KNAT6 original splice antisense (AS) lines 
Line Kan" Kan'* Line Kan*" Kan'' 
AS1 128 11 AS16 102 47 
AS2 217 30 AS17 74 37 
ASS 198 70 AS18 195 75 
AS4 333 101 AS19 219 68 
ASS 216 62 AS20 95 31 
AS6 286 80 AS21 176 4 
AS7 152 10 AS22 145 47 
ASS 222 85 AS23 76 1 
AS9 406 24 AS24 105 49 
AS10 249 22 AS25 110 3 
AS11 136 7 AS26 182 68 
AS12 56 16 AS27 203 34 
AS13 197 61 AS28 201 41 
AS14 121 13 AS29 210 76 
AS 15 248 1 AS30 49 22 
Table 6 T2 RNAi lines 
Line Kan" Kan^ Line Kan" Kan" 
RNAil 1 161 8 RNAi l+P 1 143 46 
RNAil 2 135 3 RNAi1+P2 195 66 
RNAil 3 292 100 RNAil+P 3 116 20 
RNAil 4 147 31 RNAil+P 4 131 59 
RNAi l 5 250 6 RNAil+P 5 270 119 
RNAi l 6 285 84 RNAi l+P 6 177 54 
RNAi l 7 217 5 RNAi l+P 7 160 55 
RNAi l 8 126 76 RNAi l+P 8 197 64 
RNAi l 9 273 56 RNAi l+P 9 107 43 
RNAi l 10 220 3 RNAi l+P 10 157 16 
RNAi l 11 122 22 RNAi l+P 11 140 46 
RNAi l 12 160 38 RNAi l+P 12 183 13 
RNAi l 13 324 28 RNAi l+P 13 81 79 
RNAi l 14 154 64 RNAi l+P 14 211 11 
RNAi l 15 88 67 RNAi l+P 15 224 13 
RNAi2 1 194 71 RNAi2+P 1 129 45 
RNAi2 2 213 81 RNAi2+P 2 106 34 
RNAi2 3 258 42 RNAi2+P 3 238 70 
RNAi2 4 241 83 RNAi2+P 4 235 98 
RNAi2 5 202 51 RNAi2+P 5 294 82 
RNAi2 6 314 22 RNAi2+P 6 143 47 
RNAi2 7 152 42 RNAi2+P 7 95 13 
RNAi2 8 217 7 RNAi2+P 8 98 37 
RNAi2 9 217 87 RNAi2+P 9 234 14 
RNAi2 10 0 100% RNAi2+P 10 255 1 
RNAi2 11 195 54 RNAi2+P 11 185 43 
RNAi2 12 181 51 RNAi2+P 12 351 118 
RNAi2 13 164 51 RNAi2+P 13 250 64 
RNAi2 14 150 54 RNAi2+P 14 77 9 
RNA1215 253 75 RNAi2+P 15 220 52 
Appendix 4 Root measurements 
Sense S T3 Homozygotes - main root length (mm) 





































































Sense S T3 Homozygotes - root tip to last lateral to emerge (mm) 




















































Sense S T3 Homozygotes - number of lateral roots 
DAG No. of laterals S15.6 Col-0 S10.4 S2d S9c S7a S14b 
R Mean 3.08 3.08 1.42 1.36 1.42 0.75 2.00 
yj Std. dev. 1.00 1.56 1.08 1.21 0.90 0.87 1.65 
Q Mean 19.58 17.92 15.08 17.27 14.58 6.67 17.83 
















Sense S T3 Homozygotes - number of anchor roots 
DAG No. of anchors S15.6 Col-0 S10.4 S2d S9c S7a SI4b 
6 Mean 0.08 0.17 0.17 0.73 0.08 0.08 0.17 
9 Mean 0.83 0.83 0.42 1.00 0.33 0.17 0.83 
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